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                                                                                             Summary 
SUMMARY 
 
The three genes encoding the zebrafish collagen IX (α1-α3) have been 
analysed in an effort to characterise their expression during early zebrafish 
development. All three genes were expressed in the axial structures, including the 
notochord, floor plate and hypochord, but the early expression pattern in these 
structures varied substantially. The present study is the first report on analyses of type 
IX collagen α2 (colIXα2) as a potential axial regulator during early zebrafish 
development. In this study, zebrafish colIXα2 was cloned and mapped and its 
expression was detected in the axial mesodermal tissues, including notochord, 
floorplate, hypochord and non-axial tissues such as the ear, eye and branchial arches. 
Unlike many other known axial regulators, the expression of colIXα2 was induced 
initially in the floor plate and later in the notochord and the hypochord. The analysis in 
axial tissues especially the floor plate and notochord of wild type and mutant zebrafish 
suggested that the mode of regulation of colIXα2 expression differs from that of other 
genes associated with the midline signaling. However, early expression in the floor 
plate indicated that colIXα2 might contribute to the integration of cells in this 
independent organ, which takes place in the floor plate faster than other axial 
structures.  
The lineages of axial structures are initially established during late gastrula and 
this process is maintained in the organizer of teleosts, the embryonic shield and later 
on in chordo-neural hinge of the tail bud. The extracellular matrix (ECM) plays an 
important role in providing integrity of emerging organs, but the role of individual 
components of the ECM in these events is not fully understood. To reveal the 
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functional role of colIXα2 in precursors of axial structures, translation of colIXα2 was 
inhibited by morpholino oligonucleotides. This resulted in loss of identity of the floor 
plate. Thus, ColIXα2 plays a role in early events of specification of the floor plate. 
Further, in absence of ColIXα2 the ability of cells to reassemble has been 
compromised. Additionally, inhibition of ColIXα2 also caused defects in the integrity 
of axial mesoderm, notochord, floor plate, epithelium, patterning of somites and 
sclerotome. Thus, it could be hypothesized that an early role of ColIXα2 could be to 
provide cell adhesion promoting early separation of the non-notochordal precursors 
from the notochordal ones. 
Investigations into the possible developmental pathways that modulate axial 
development indicated that expression of colIXα2 is activated by activin-like TGF-β 
factors. It was shown that ColIXα2 is the early marker of the non-notochordal 
precursors of axial structures. colIXα2 expression was also examined  in several 
mutants affecting the Nodal signalling and lacking the floor plate or the notochord. 
colIXα2 was expressed in the precursors of the medial floor plate of cyc and sqt. In 
double mutants it was absent in precursors of the floor plate, but maintained in 
placode-derived structures. These suggested a combinatorial and differential role of 
zygotic and maternal Nodals in induction of the precursors of the medial floor plate 
and other lineages. The colIXα2-positive precursors of the medial floor plate were also 
present in the zygotic oep-deficient Zoep-/- mutants. Mzoep-/- mutants deficient in both 
maternal and zygotic oep lack expression of colIXα2, suggesting that formation of 
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I. INTRODUCTION 
1.1 Zebrafish as a model organism in developmental biology 
One of the most promising experimental models to emerge in recent years is the 
zebrafish (Danio rerio), a small tropical freshwater teleost fish. A combination of various 
features makes zebrafish a versatile model organism in vertebrate genetics and developmental 
biology. Its short generation time, the large brood size and the external development of clear, 
transparent embryos, are frequently mentioned advantages of zebrafish. Its rapid development 
with the added advantage of being near transparent during embryonic stages makes it possible 
to visualize the establishment of a typical vertebrate body plan within 12 hours from the time 
of fertilization (Westerfield, 1989). By 5 days after fertilization, most organs or at least their 
primordia are in place (Kimmel et al., 1995). Well-established laboratory methods for its 
husbandry (Westerfield, 1989) and proper documentation of its developmental staging series 
(Kimmel et al., 1995) are now available making it one of the excellent models for study of 
vertebrate development (Beier, 1998).  
The versatility of the zebrafish as a model for developmental biology is particularly 
apparent due to the array of cellular, molecular and genetic techniques available. It is 
technically easy to introduce DNA into zebrafish embryos using various methods like 
microinjection, electroporation and microprojectiles. Microinjection, in particular, is the most 
popular method due to the transparency and easy manipulation of the embryos. Creation of 
various transgenic lines of the zebrafish carrying the green fluorescent protein (GFP) gene 
under the control of various promoters have been extremely helpful in various studies 
including cell lineage tracing experiments, promoter studies and tissue-specific transgene 
expression (reviewed in Gong et al., 2001). Other types of transgenic techniques, including 
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the GAL4-UAS system (Scheer and Campos-Ortega, 1999; Scheer et al., 2001), cre-loxP 
system (X. Pan and Z. Gong, unpublished), and conditional gene expression involving photo-
mediated activation of caged mRNA (Ando et al., 2001) have also been developed. 
 Besides gain-of-function analyses by transgenic approaches, loss-of-function analyses 
are also important to fully determine the function of a gene in vivo. The powerful reverse 
genetics approach, gene knock-out used in transgenic mice, is lacking in zebrafish. The 
advent of translation-blocking morpholino oligonucleotides has led to a method of sequence-
specific gene inactivation in zebrafish (Nasevicius and Ekker, 2000; Ekker and Larson, 2001; 
Malicki et al., 2002) thus improving the prospects of a comprehensive large-scale and 
genome-wide gene analysis in the zebrafish. Morpholinos have been shown to effectively and 
specifically induce phenotypes similar to that of induced loss-of-function of genes 
(Nasevicius and Ekker, 2000). Recently, Ma et al (2001) demonstrated that zebrafish cells 
obtained from short-term cell cultures could generate germ-line chimeras following their 
introduction into a host embryo. Although further steps are still required to develop the gene 
knockout methodology, the work reported in this study shows promise in the future for 
introducing targeted mutations into fish. Although mammals have been cloned from 
genetically manipulated cultured cells, a comparable achievement has not been realized in 
lower vertebrates. Recently, Lee et al., (2002) demonstrated that fertile transgenic zebrafish 
can be obtained by nuclear transfer using nuclei from cultured embryonic fibroblast cells, thus 
setting up a foundation for targeted genetic manipulation in zebrafish. 
The availability of large repertoire of mutagenesis tools, breeding strategies and 
screening methods (Malicki et al., 2002) helped to establish the zebrafish as a vertebrate of 
choice for random, genome-wide, large-scale mutagenesis of genes crucial for development 
(Driever et al., 1996; Haffter and Nusslein-Volhard, 1996; Schulte-Merker, 2000; Talbot and 
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Hopkins, 2000; Malicki et al., 2002). Today a large number of zebrafish mutants affecting 
early development and organogenesis, generated by various mutagenesis techniques are 
available (Driever et al., 1996; Haffter and Nusslein-Volhard, 1996; Schulte-Merker, 2000; 
Knapik, 2000; Golling et al., 2002; Chen et al., 2002). A variant of a reverse genetic screen, 
large-scale whole mount in situ hybridization screens are feasible in the zebrafish owning to 
the transparency of the embryos. Such screens have been used successfully to identify 
important genes involved in embryonic development (Meng et al., 1999; Kudoh et al., 2001). 
The efficient identification of genes disrupted by mutation in zebrafish requires dense 
maps of the genome. This has been possible because of the availability of large-insert 
genomic libraries (Zhong et al., 1998; Amemiya et al., 1999) and several genetic linkage 
maps, which essentially cover the entire zebrafish genome (Postlethwait et al., 1998; Gates et 
al., 1999; Kelly et al., 2000; Talbot and Hopkins, 2000; Woods et al., 2000). Radiation hybrid 
(RH) maps with markers, which include simple sequence length polymorphisms (SSLPs), 
cloned genes and ESTs, have been developed for zebrafish (Kwok et al., 1998; Geisler et al., 
1999; Hukriede et al., 1999, 2001). The two zebrafish RH maps, Ekker LN54 and Goodfellow 
T51, together cover >90% of the zebrafish genome (Talbot and Hopkins, 2000). Efforts were 
also initiated to obtain the complete sequence of the zebrafish genome, and the draft sequence 
has been released in mid 2003. To cope with the phenomenal rate of increase of information, 
Zebrafish Information Network (ZFIN) (http://zfish.org) was established. This is a centralized 
database for zebrafish researchers, providing links and information about zebrafish genes, 
mutations, genetic maps etc. (Westerfield et al., 1999a,b). In addition, zebrafish resources are 
also available from the NCBI site (http://www.ncbi.nlm.nih.gov/genome/guide/D_rerio.html). 
Besides facilitating the identification of mutants, the genetic maps have been useful in 
comparative studies between the zebrafish and other vertebrate genomes. In spite of the 450 
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million years of evolutionary distance between zebrafish and human (Kumar and Hedges, 
1998), 167 conserved syntenies involving two or more putatively orthologous genes have 
been identified on zebrafish map (Postlethwait et al., 1998; Gates et al., 1999; Woods et al., 
2000). Identification of conservation of synteny between the zebrafish and human genome has 
been valuable in defining candidate genes for zebrafish mutants (Karlstrom et al., 1999; 
Schmid et al., 2000) and in prediction of orthologous gene relationships (Barbazuk et al., 
2000). In addition, the human-zebrafish comparative maps can help the understanding of the 
vertebrate genome. The zebrafish represents a valuable outgroup of vertebrates, distinguishing 
shared features of mammalian genomes and those derived from ancestral genomes 
(Postlethwait et al., 1998, 2000; Gates et al., 1999; Woods et al., 2000).  
In addition to these advantages it offers to developmental biologists, recent studies 
indicate that the zebrafish has a great potential to serve as a model for human disease 
(reviewed in Barut and Zon, 2000; Dooley and Zon, 2000; Ward and Lieschke, 2002). Many 
of the mutant phenotypes identified in the mutagenesis screens are reminiscent of human 
clinical disorders, for example, those affecting haematopoiesis (Brownlie et al., 1998; Wang 
et al., 1998), cardiac and renal development (reviewed in Dooley and Zon, 2000; Ward and 
Lieschke, 2002) among others. Hence, the zebrafish has definitely evolved not only as an 
ideal model organism for vertebrate developmental biology and genetics but also as a valid 
animal model for medical research.  
1.2 Zebrafish development 
Zebrafish embryogenesis is broadly divided into five periods – blastula, gastrula, 
segmentation, pharyngula and hatching periods (Kimmel et al., 1995). More detailed 
description of these stages of zebrafish development is presented in the following sections. 
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1.2.1   Anatomical staging of development 
1.2.1.1 Cleavage and blastula (¾ - 4 hpf) 
After fertilization of the zebrafish egg, the zygote period lasts until the first cleavage 
occurs at about ¾ hpf. The chorion swells and surrounds the newly fertilized egg and the non-
yolky cytoplasm separates from the yolk to form a blastodisc, defining the animal-vegetal 
axis (Fig. 1.1A) (Kimmel et al., 1995). Early cleavages are meroblastic and all blastomeres 
remain connected by cytoplasmic bridges until the 16-cell stage, while the yolk is not cleaved. 
At 128-cell stage (2¼ hpf), the blastodisc begins to look like a ball and this stage marks the 
beginning of blastula period (Kimmel et al., 1995). During this period blastomeres pile up at 
the animal pole (Fig. 1.1B-D) until about 4 hpf, at which point the blastodisc begin to thin and 
move over the surface of the yolk cell (Fig. 1.1 B-E). The important processes during this 
period include midblastula transition (MBT), formation of the yolk syncytial layer (YSL) and 
the beginning of gastrulation in the form of epiboly. Initially the cells of the blastoderm 
divide synchronously, however, with the onset of MBT the divisions become 
metasynchronous and cell cycle lengthens. The blastomeres at the margin of the blastoderm 
have a unique fate. They lie against the yolk and remain cytoplasmically connected to it 
throughout cleavage (Kimmel et al., 1995). 
1.2.1.2 Gastrulation (4 – 10 hpf) 
Gastrulation is the morphogenetic movements that generate the primary germ layers 
ectoderm, mesoderm and endoderm. It starts at 50% epiboly in the zebrafish embryo. Epiboly 
is characterized by thinning and spreading of both the YSL and the blastodisc over the yolk 
cell. Eventually the yolk cell is completely engulfed by cells at the end of gastrula. During the 
early stages of epiboly, the blastodisc thins considerably from a high mound of cells to a cup-
shape of multi-layers of cells. This is accompanied by the streaming of yolk outward, toward 
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the surface of the deepest blastomeres and causes their mixing (or radial intercalation) with 
more superficial cells (Kimmel et al., 1995). Epiboly continues with the morphogenetic cell 
movements of involution, convergence and extension, producing the primary germ layers, 
ectoderm, mesoderm and endoderm and the embryonic axis. At 50% epiboly (Fig. 1.1F), the 
blastoderm has advanced over half of the yolk cell (Kimmel et al., 1995). Cells at the leading 
edge, or margin, of the blastula involute, move in toward the yolk and then back toward the 
animal pole under the overlying cells (Fig. 1.1G). This creates two layers of cells that 
contribute to formation of embryo proper. The upper layer is epiblast or embryonic ectoderm 
and the lower layer is known as hypoblast or mesendoderm. Epiblast cells at the margin 
continue to involute throughout the gastrulation period. Involuted cells produce mesoderm 
and endoderm whereas cells that remain in the epiblast form epidermis and central nervous 
system (CNS). As involution begins, cells in both germ layers start to converge toward a 
single point, producing a thickening at the margin. This thickening, apparent at 60% epiboly, 
is known as the embryonic shield (equivalent to Spemann’s organizer in amphibians) and 
marks the dorsal side of the embryo. Formation of the embryonic shield indicates the 
beginning of rapid convergence movements and defines the dorsal side of the embryo 
expressing goosecoid (one of the earliest markers of shield), which involute to form the axial 
hypoblast (Stachel et al., 1993). About midway through gastrulation, the axial hypoblast 
becomes clearly distinct from the paraxial hypoblast, which flanks it on either side. Anterior 
paraxial hypoblast will generate muscles to move the eyes, jaws and gills. More posteriorly, 
much of the paraxial hypoblast is present as the segmental plate that will form the somites. 
The dorsal epiblast begins to thicken towards the end of gastrulation marking the beginning of 
development of neural plate. An organ- and tissue-level fate map generated by injecting single 
cells with lineage-tracer dyes at the onset of gastrulation defines where the differentiated cells  
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A B C D 
                       1-cell 0.2 hpf       2-cell 0.75 hpf        4-cell 1 hpf          64-cell 2 hpf 
 
        
                    sphere 4 hpf    50% epiboly 5.3 hpf    75% epiboly 8 hpf   bud    10 hpf 
 
           
                   6-somite 12 hpf    10-somite 14 hpf    14-somite 16 hpf   18-somite 18 hpf 
 
                        
                26-somite 22 hpf   prim-6 25 hpf  1ong pec 48 hpf  protruding mouth 72 hpf 
 
P OM N
K L J I 
H GE F
Fig. 1.1. Camera lucida sketches of the zebrafish embryos at selected stages 
(reprint from Kimmel et al., 1995) 
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and cell types are formed (Fig. 1.2) (Warga and Kimmel, 1990). Cell fates become restricted 
by the early gastrulae stage and the position of an individual cell at the blastula is unrelated to 
its position or position of descendants in the gastrula due to the extensive cell mixing that 
occurs during the transition from blastula to gastrula.  It is interesting to note that the position 
along the dorsal-ventral axis of the gastrula generally corresponds to later position along the 
anterior-posterior axis. By the end of gastrulation at 10 hpf when tail bud forms, the epiboly is 
complete and the three germ layers are defined and both mesoderm and ectoderm become 
patterned along the anterior-posterior and dorsoventral axis  (Fig. 1.1F-H) (Kimmel et al., 















Fig. 1.2. Zebrafish fate map at 6 hpf showing the derivatives of the three germ 
layers. Cell fate determination in zebrafish embryogenesis as revealed by single cell
labeling (adapted from Warga and Kimmel, 1990). .2.1.3 Segmentation (101/3 – 36 hpf) 
Morphogenetic movements involving development of somites, appearance of 
udiments of primary organs and the elongation of embryo with more prominent tail bud are 
he most striking features of zebrafish development during segmentation period (Fig. 1.1I-N).  
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In zebrafish, mesoderm is derived from the marginal region of the late blastula and 
further gives rise to axial, adaxial, paraxial, intermediate and lateral plate mesoderm (Kimmel 
et al., 1990, 1995). The adaxial and paraxial cells give rise to different types of muscles (Stern 
and Keynes, 1987; Devoto et al., 1996; Blagden et al., 1997; Currie and Ingham, 1998) (Fig. 
1.3). Segmentation in zebrafish, like in most other vertebrates, begins with subdivision of the 
presomitic mesoderm into repeating blocks of cells followed by the formation of 
morphologically distinct somites (Kimmel et al., 1995).  
The first somite forms shortly after the end of gastrulation at 10.3 hpf and 
somitogenesis thus continues with the sequential appearance of somites in the trunk and tail 
with the extension of the tail. Somites develop from the anterior to the posterior. The earliest 
cells to elongate into muscle fibers appear to derive from a part of the medial somitic 
epithelium, the adaxial region (Thisse et al., 1993) adjacent to the developing notochord and 
in the middle, dorsoventrally, of each somite. Somites give rise to the axial skeleton and the 
skeletal muscle of the trunk. Somites are formed one at a time, in accordance with the 
progressive anterior to posterior formation of the neural tube. The somites are made up of two 
different cell types, sclerotome and dermamyotome. In vertebrates, sclerotome gives rise to 
vertebrae and the dorsal portion of the dermamyotome will form the dermis of the skin 
(dermotome) and the ventral part will form major muscle (myotome) masses along the back, 
and contribute cells to the limbs. The fish somite is predominantly myotome. A second 
derivative of the somite is the sclerotome, giving rise to the vertebrate cartilage (Halpern et 
al., 1993). Zebrafish sclerotome can be identified morphologically shortly after somite 
formation as a cluster of cells on the ventromedial surface of the somite (Nornes et al., 1996; 
Morin-Kensicki and Eisen, 1997; Stickney et al., 2000; Pourquié, 2001) (Fig. 1.3). Pronephric 
kidneys develop bilaterally deep to the third somite pair. The notochord differentiates as some 
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of its cells vacuolate and swell to form the structure elements and the others later form a 
notochordal sheath, an epithelial monolayer that surrounds this organ. The endoderm becomes 
morphologically distinct during this period and develops only on the dorsal side of the 
embryo beneath the axial and paraxial mesoderm. The neural plate is regionalized as the 
segmentation begins wherein the anterior thick region of the embryo would form the brain.  
Formation of the neural plate occurs by secondary neurulation wherein the lumen of the 
neural tube forms by a late process called cavitation after the formation of neural keel, an 
intermediate and transiently condensed primordium without lumen. The neural keel rounds 
into a cylindrical, still solid rod, which hollows later into the neural tube. The anterior part of 
the neural keel forms the brain and undergoes regional morphogenesis to form the 
subdivisions of the brain. Apart from the development of different regions of brain, optic 
primordia, neural crest, placodes, primordium of pharyngeal arches and appearance and 
differentiation of neurons occurs during this period. Towards the end of segmentation, the 
pharyngeal arches and the rhombomeres of the hindbrain form the visible components of head 
and somites form the components of the trunk and tail segments (Kimmel et al., 1995).  
  
  
Fig. 1.3. The cell types of zebrafish somite (from Stickney et al., 2000)  11
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1.2.1.4 Pharyngula (36 – 48 hpf) 
When the embryo enters this period, it has a bilaterally organized body with a well-
developed notochord and a newly completed set of somites that extend to the end of the tail. 
During this period, the pharyngeal arches develop rapidly from a primordial region ventral to 
the otic vesicle which develop to form the jaws and operculum anteriorly (the mandibular and 
hyoid arches) and the gills (branchial arches) posteriorly. The lengthening of the embryo 
slows down and the head starts to straighten during this period. Apart from these features by 
48 hpf (Fig. 1.1O), the other developments include formation of fins, differentiation of 
pigment cells, formation of circulatory system including heart and the vascular system and 
twitching with the appearance of tactile sensitivity (Kimmel et al., 1995).   
1.2.1.5 Hatching (>48 hpf) 
The embryo continues to grow as morphogenesis of various organ rudiments slow 
down considerably as they reach a differentiated state during later stages except for the gut 
and its associated organs that continue to develop and differentiate. The cartilages of the 
pharyngeal and branchial arches also continue to grow and develop. The embryo hatches out 
during this period (Fig. 1-1P) and steps into a phase of active swimming and external feeding 
(Kimmel et al., 1995). 
1.2.2  Zebrafish axis development 
After the periods of gastrulation and segmentation that occur during the first day, three 
structures are recognized that are present as one-cell wide rows at the body midline of the 
embryo (Fig.1.4). These three structures form the axis of zebrafish and develop into the 
notochord, the floor plate of the neural tube, and the hypochord, at all body levels except for 
the head. The notochord is mesodermal in origin, with disk-shaped cells, piled upon one 
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another in the fashion of a stack of pennies. The floor plate, a single layer of cells shares its 
origin with the notochord and develops at the ventral aspect of the neural tube, where it is in 
close contact with the notochord. Immediately ventral to the notochord, and symmetrically 
opposite to the floor plate is hypochord, a single cell wide structure derived from endoderm. 
These three midline structures do not extend to the anterior head, where a transient embryonic 
mesodermal tissue termed the prechordal plate replaces the notochord (review, Hatta and 
Kimmel, 1993).  
                      
Fig.1.4. Schematic diagram illustrating the dorsoventral organization of tissues in the midline 
at a posterior level of the body trunk in zebrafish embryo (from Hatta and Kimmel, 1993). 
 
1.2.3      Induction and function of the axial structures 
In zebrafish, mesoderm and endoderm derive from the marginal region of the late 
blastula, and cells located nearer the animal pole form the ectoderm (Kimmel et al., 1990, 
1995). Further subdivision of mesoderm gives rise to axial, adaxial, paraxial, intermediate and 
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lateral plate mesoderm. The midline axial structures are believed to be connected 
developmentally since they all derive from the dorsal marginal zone of the blastoderms 
(including the embryonic shield, the organizer in zebrafish) and they undergo a similar 
morphogenesis during gastrulation to form the longitudinal cell rows (Hatta and Kimmel, 
1993).  
The embryonic shield or Spemann’s organizer (Spemann and Mangold, 1924; 
Spemann, 1938; Hamburger, 1988) defines the dorsal side of the embryo. The inductive 
interactions between cells in the embryonic shield and their surrounding tissues determine the 
formation of embryonic axis (Spemann and Mangold, 1924; Oppenheimer, 1936; Smith and 
Slack, 1983; Beddington, 1994; Shih and Fraser, 1996; Gerhart, 2001). The cells transplanted 
from the organizer region to the ventral side of early gastrula can produce a second embryonic 
axis, recruiting host cells into the new structures, including a secondary CNS (Ho, 1992). In 
vertebrates, the organizer not only is involved in development of the axial mesoderm but also 
is a source of dorsalizing signals that pattern the dorsoventral axis of the adjacent mesoderm 
and neuroectoderm (Spemann and Mangold, 1924; Smith and Slack, 1983; reviewed by Ruiz 
I Altaba and Jessell, 1993; Doniach and Musci, 1995). Induction or patterning of 
neuroectoderm occurs with planar signals from the organizer and/or vertical signals from the 
underlying axial mesoderm, which are thought to neuralize the dorsal ectoderm and initiate 
anterior-posterior regionalization in the neuroectoderm. The cells of the organizer region 
undergo remarkable morphogenesis with involution folding into two distinct cellular layers. 
The precursor cells that will form the notochord, prechordal plate, and the hypochord fold into 
the inner layer, and the precursors that will form the floor plate seem to remain in the outer 
layer (Hatta and Kimmel, 1993; Tian et al., 2003). This process leads to the characteristic 
vertebrate gastrula fate map, with axial mesoderm being the most dorsal tissue type, and 
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paraxial mesoderm (developing into somites), intermediate mesoderm (pronephros) and 
lateral plate mesoderm (blood) (Keller, 1976; Dale and Slack, 1987a, b; Kimmel et al., 1990; 
Devoto et al., 1996; Blagden et al., 1997; Currie and Ingham, 1998) (Fig. 1.2). The reshaping 
is brought about by convergence and extension movement of cells towards the midline. This 
causes narrowing and lengthening with restricted cell mixing and is termed mediolateral cell 
intercalation. Factors like noggin (Lamb et al., 1993); chordin (Sasai et al., 1994; Holley et 
al., 1995); and members of the TGFβ (Rebagliati et al., 1985; Kessler and Melton, 1994), 
Nodal (Schier and Shen, 2000; Whitman, 2001), FGF (Slack et al., 1988; Kimelman et al., 
1992), Wnt (Moon, 1993) and Hedgehog (Echelard et al., 1993; Krauss et al., 1993; Roelink 
et al., 1994; Ingham, 1995) families are candidate signaling molecules that mediate the 
inductive events in mesodermal and neural patterning.  
Therefore, inductive cell interactions within the embryonic shield or organizer cause 
formation of the axial structures, the notochord, floor plate and hypochord.  While some 
genes involved in this process were identified such as T-box genes, hedgehog, goosecoid, 
axial, brachyury or no-tail, floating-head, cyclops/nodal etc (Herrmann et al., 1990; Krauss et 
al., 1993; Stachel et al., 1993; Strähle et al., 1993; Schulte-Merker et al., 1994a, b; Ekker et 
al., 1995; Talbot et al., 1995; Halpern et al., 1997; Sampath et al., 1998), many aspects of the 
molecular mechanism involved are still not fully understood (Placzek et al., 2000; Le Douarin 
and Halpern, 2000). 
1.2.3.1 Notochord  
In vertebrate embryos, fate mapping studies have revealed that a principal tissue 
derivative of the organizer is the notochord (Keller, 1976; Kimmel et al., 1990; Lawson et al., 
1991; Selleck and Stern, 1991; Shih and Fraser, 1995; Melby et al., 1996). It is a transient 
embryonic structure found throughout the chordate phylum. The notochord is mesodermal. 
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Near the end of gastrulation, when the rudiments are clearly visible, the cells are disk-shaped, 
piled upon one another in a fashion of a stack of pennies. However, with development, some of 
the cells, those remaining in the stack vacuolate and enlarge to form the structural elements of 
the organ. This morphogenesis enlarges the notochord, extending it along the AP axis as the tail 
of the embryo elongates. The other cells that escape from the stack form a simple epithelial 
wrapping around it, called the notochordal sheath (Hatta and Kimmel, 1993). The notochord 
extends to the tip of the tail and ends anteriorly under the hindbrain at the level of the fourth 
hindbrain segment or rhombomere.  
The notochordal sheath is a thin structure covering over the notochord and is mainly 
composed of extracellular matrix (ECM) proteins, which are believed to be capable of 
mediating inductive signals (Gotz et al., 1995). Later section details on some of the ECM 
proteins expressed in notochord and associated sheath (section 1.3). The most important 
function of the notochord is induction. The notochord signals to the neighboring neural plate, 
somitic mesoderm, and dorsal endoderm and by itself is important for the patterning of the 
adjacent somitic and neural tissue, as indicated by mutational analysis (Dietrich et al., 1993; 
Halpern et al., 1993; Koseki et al., 1993; Ang and Rossant, 1994; Weinstein et al., 1994) and 
heterotopic transplantation experiments (Placzek et al., 1990; Hirano et al., 1991; Yamada et al., 
1991; Pourquié et al., 1993). According to one of the theories, the notochord is subsequently 
involved in the induction of different cell types in the ventral neural tube such as the floor plate 
in the overlying neuroectoderm (van Straaten et al, 1988; van Straaten and Hekking, 1991; 
Placzek et al., 1990). Alternatively, the floor plate and the notochord derive from a common 
pool of precursor cells, which separate early in development as a result of Nodal signaling (as 
reviewed in Le Douarin and Halpern, 2000). The vertebrate homologues of the Drosophila 
signaling factor hedgehog are also expressed in the embryonic shield (organizer) and later on in 
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the notochord (Echelard et al., 1993; Krauss et al., 1993; Roelink et al., 1994; Ekker et al., 
1995), and have been shown to mediate inductive patterning of the neural tube (Roelink et al., 
1995) and somites (Fan and Tessier Lavigne, 1994; Fan et al., 1995). Therefore, notochord 
formation is a key step in the proper organization of the vertebrate body axis. 
1.2.3.2 Floor plate  
The floor plate is a small group of morphologically distinct non-neural cells situated 
along the ventral midline of developing neural tube in vertebrates. It has secretory function 
being a source of guidance molecules or axonal attractants (Serafini et al., 1994; Kennedy and 
Tessier-Lavigne, 1995; Lauderdale et al., 1998) directing the growth of axons along and across 
the midline of the neural tube (Kuwada et al., 1990). This group is one of the first cell types to 
differentiate within the embryonic nervous system. In the zebrafish the floor plate develops at 
the ventral aspect of the neural tube where it is in close contact with the notochord. The floor 
plate cells can be easily distinguished from the surrounding cells due to their small but distinct 
cuboidal epithelial shape. They form a very neat median cell row that lies between the lumen of 
the neural tube and the notochord (Hatta et al., 1991). The floor plate extends from the posterior 
end of the spinal cord through the midbrain and goes further anterior in the head than the 
notochord.  Two cell populations had been distinguished in zebrafish floor plate, a single row of 
medial floor plate (MFP) cells that are flanked by rows of lateral floor plate (LFP) cells 
(Bernhardt et al., 1992; Strähle et al., 1997b; Odenthal and Nüsslein-Volhard, 1998; Schauerte 
et al., 1998; Albert et al., 2003). The LFP and MFP cells are cuboidal in shape and can be 
distinguished by the expression patterns of several marker genes. MFP cells express both shh 
and fkd4, while LFP cells express fkd4 but not shh (reviewed in Odenthal et al., 2000). Once 
formed, the floor plate will acquire the ability similar to the notochord, to express genes of 
different family of signaling molecules and to induce specification of ventral cell types in the 
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neural tube during later development (for review, Hatta and Kimmel, 1993; Tanabe and Jessell, 
1996). 
Studies in various model systems led to formation of two main models about 
establishing the notochord and floor plate in vertebrates. The first was formulated as result of 
experiments that have shown that differentiation of floor plate cells appears to be mediated by 
inductive signals derived from the notochord (reviewed by Placzek et al., 1993; Tanabe and 
Jessell, 1996; Placzek et al., 2000). Grafting of the notochord in contact with a region of the 
dorsal or lateral neural tube can elicit ectopic floor plate and motor neuron differentiation 
(Placzek et al., 1990; van Straaten et al., 1988; Yamada et al., 1991). Removal of the 
notochord results in failure of the floor plate and motor neurons to develop (Placzek et al., 
1990; van Straaten and Hekking, 1991; Yamada et al., 1991). Interestingly, while floor plate 
differentiation requires the neural plate in close contact with the notochord, motor neuron 
differentiation can occur in the neural tube at a distance from the notochord (Placzek et al., 
1993; Yamada et al., 1993). These studies, among others, have contributed to the 
establishment of a working model that the notochord is a source of the diffusible signal(s) that 
patterns the ventral neural tube. Several lines of evidence indicate that Shh is required for 
patterning of ventral neural tube. Ectopic expression of Shh and Shh signaling components in 
vivo (Echelard et al., 1993; Roelink et al., 1994; Hynes et al., 1995; Pringle et al., 1996; 
Orentas et al., 1999) or high level exposure of neural cells to Shh protein in vitro (Roelink et 
al., 1994; Marti et al., 1995) can induce the floor plate. Similarly, removal of Shh function in 
genetically mutated mice for Shh or its components or by utilizing blocking antibody in chick 
explants, have shown that Shh is essential to the differentiation of ventral cell types including 
the floor plate, neurons, and oligodendrocytes (Chiang et al., 1996; Ericson et al., 1996, 1997; 
Ding et al., 1998; Matise et al., 1998; Orentas et al., 1999). However, none of these 
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observations can establish that the levels of Shh in the notochord are sufficient to 
independently induce the floor plate or that the intact neural environment is responsive to an 
exogenous source of Shh.  
As per the second hypothesis, the notion that the notochord-derived signal contributes to 
floor plate induction has been challenged (Le Douarin and Halpern, 2000). It is believed that 
the floor plate emerges through the insertion into the midline of the neural plate of a 
committed group of floor plate precursors located in the axial mesoderm. This is based on the 
observation in chick that the notochord and floor plate cells derive from a common pool of 
precursors within the embryonic shield or organizer of the gastrula stage embryo and both 
notochord and floor plate cells share a common gene expression profile. Additionally, it was 
also suggested that absence of the floor plate after notochord deletion might result from 
inadvertent removal of precommitted floor plate precursor (Le Douarin and Halpern, 2000; Le 
Douarin et al., 1998; Teillet et al., 1998). These studies argue that the floor plate is generated 
by insertion of precursor cells from the node into the midline neural plate (Le Douarin and 
Halpern, 2000). Genetic studies in the zebrafish appear to support this alternative mechanism 
of floor plate generation, because in mutants lacking the notochord, the floor plate still 
develops (Appel et al., 1999; Halpern et al., 1993; Halpern et al., 1995; Talbot et al., 1995). 
However, it has been shown that caudal midline neural tube cells transiently express motor 
neuron markers (Ruiz i Altaba, 1996; Placzek et al., 2000), arguing that early midline cells in 
the neural tube are not committed to a floor plate cell fate prior to induction by the underlying 
notochord. Moreover, in mice lacking Shh function, the floor plate does not form even in the 
presence of the notochord (Chiang et al., 1996). Recent studies in the zebrafish suggest that 
there are two distinct floor plate cell populations, and their generation appears to involve both 
Shh-dependent and independent signals (Odenthal et al., 2000).  
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Thus, while it appears that there are some differences in the mechanism of floor plate 
development between amniotes and teleosts, there are some common features in floor plate 
specification during gastrulation and later in function of Hh-related genes needed to maintain 
the floor plate fate.    
1.2.3.3 Hypochord  
In zebrafish, the hypochord is located immediately ventral to the notochord and 
symmetrically opposite to the position of the floor plate. It is believed from cell-labeling 
experiments in amniotes that this one-cell wide structure is derived from endoderm (Lofberg 
and Collazo, 1997; Cleaver et al., 2000). The biology of the hypochord is much less understood 
(Eriksson and Lofberg, 2000; Latimer et al., 2002). It seems that the hypochord develops 
slightly later than the floor plate. It may be required for proper positioning of the dorsal aorta as 
well as induction of some other endoderm derivatives. It is known that despite the difference in 
developmental roles (Strähle et al., 1993; Krauss et al., 1993), the floor plate and hypochord co-
express a number of common molecular markers (Yan et al., 1995). Their close proximity to the 
notochord determines specialized features of these structures that differ substantially from the 
rest of the neural tube and endoderm.  
1.3. Extracellular matrix (ECM) proteins  
The ECM is a complex structural entity surrounding and supporting cells that are 
found within mammalian tissues. The ECM is often referred to as the connective tissue. The 
ECM is composed of three major classes of biomolecules: structural proteins (e.g. collagen 
and elastin), specialized proteins (e.g. fibrillin, fibronectin, and laminin) and proteoglycans.  
1.3.1  ECM in axial structures 
Several ECM proteins are known to be expressed in different axial structures namely 
the notochord, the floor plate and the hypochord. The notochord is an ECM-covered epithelial 
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rod that establishes the primary body axis of the vertebrate embryo and the notochordal sheath 
is mainly composed of ECM proteins with several components including Type I, II and III 
collagens, sulphated glycosaminoglycans, hyaluronic acid, core proteins of the small 
proteoglycans decorin and biglycan, fibronectin, tenascin and laminin. All of these 
components seem to be produced by the notochordal cells themselves. Nearly all ECM 
components detected in the human notochordal sheath are believed to be capable of mediating 
inductive signals (Gotz et al., 1995). This signaling can be classified as a cell-matrix 
interaction and may influence, for instance, the process of chondrogenesis in the 
perinotochordal mesenchyme. During embryonic development, the floor plate secretes a 
number of morphogenetic molecules. For example, the floor plate along with the notochord 
secretes Shh, which acts as a polarizing signal that controls cell identity and pattern formation 
in the neural tube (review by Tanabe and Jessell, 1996). The hypochord also expresses some 
ECM proteins, for instance tenascin-C and mindin1 in zebrafish (Higashijima et al., 1997; 
Tongiorgi, 1999). 
Inductive cell interactions in the axial structures depend to a large extent on the ECM. 
While a role of some components of ECM in specification of axial structures is established 
(Goh et al., 1997; Kuroda et al., 2002), the function of other components, such as collagen in 
this process is not fully understood. 
There are several groups of factors, which are able to regulate the turnover of ECM. 
Among them, growth factors exert great influence on the synthesis of ECM molecules. 
Several growth factors have been identified in the embryonic human notochordal cells, e.g. 
insulin-like growth factors (IGFs), basic fibroblast-like growth factor (bFGF) or different 
subtypes of transforming growth factor-ß (TGF-ß). Especially TGF-ß which was identified in 
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the notochord of mouse and human, increases ECM synthesis and secretion and blocks 
degradation (Gotz et al., 1995; Chimal-Monroy and Diaz, 1999).  
The three-dimensional network of ECM provides an important instructive and 
structural environment necessary for cell and tissue existence and supports adhesion of cells, 
transmits signals through adhesion receptors, and binds, stores and presents growth factors.  
Extracellular matrix affects cell growth and differentiation of the developing embryo not only 
by direct attachment of its component molecules to receptors on the cell surface, but also by 
binding and/or activating other molecules, like TGF-β and FGF that in turn also react with the 
cell (Taub et al., 1990; Runyan et al., 1990; Vukicevic et al., 1992). 
1.3.2  ECM in development  
The following sections will describe some of the ECM proteins that have been 
characterized in axial structures and known to play important role in development. 
Netrins, a family of growth cone guidance molecules, are expressed both in the ventral 
neural tube and in subsets of mesodermal cells. Under the regulation by Hedgehog signaling, 
the floor plate secretes Netrin-1 that provides long-range guidance cues that promotes growth 
of axons to the ventral midline of the spinal cord (Kennedy and Tessier-Lavigne, 1995; 
Strähle et al., 1997a; Lauderdale et al., 1998).  
F-spondin was originally identified as a gene that has a number of morphogenetic 
molecules expressed at high levels in the developing floor plate (Klar et al., 1992). It encodes 
a secreted protein with six thrombospondin Type 1 repeats [TSR(I)] in the C-terminal half. 
The TSR(I) motif was originally found in the vertebrate ECM proteins, thrombospondin I and 
II (review by Bornstein and Sage, 1994; Bornstein, 1995), and this motif has subsequently 
been found in several other ECM molecules. Several lines of evidence implicate this domain 
in cell adhesion. Proteolytic fragments of thrombospondin which contain the TSR(I) promote 
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tumor cell adhesion (Prater et al., 1991). In vitro analyses showed that recombinant F-spondin 
protein promoted neural cell adhesion and neurite outgrowth (Klar et al., 1992). Zebrafish 
homologs of F-spondin, mindin1 and mindin2, encode structurally related proteins and are 
thought to be a novel gene family of ECM molecules. During embryonic development, both 
mindin1 and mindin2 are expressed in the floor plate. However, in addition to the floor plate, 
mindin1is expressed in the hypochord cells, while mindin2 is expressed in the sclerotome 
cells. When ectopically expressed, Mindin proteins selectively accumulate in the basal 
lamina, suggesting that Mindins are ECM proteins with high affinity to the basal lamina. 
Additionally, one of the F-spondin proteins, F-spondin2 is localized to the thread-like 
structure in the central canal of the spinal cord, which is likely to correspond to Reissner’s 
fiber known to be present in vertebrates. This family of ECM molecules in the vertebrate may 
potentially be involved in development of the midline structures (Higashijima et al., 1997). 
The rat homologue of mindin and f-spondin are expressed in the brain and it was found that 
they promote adhesion and outgrowth of hippocampal embryonic neurons (Feinstein et al., 
1999). 
Tenascin-C is a member of a family of large ECM glycoproteins (Joester and Faissner, 
2001). In the trunk of vertebrate embryos, tenascin-C has been found in the ECM surrounding 
somites, the notochord, and the dorsal aorta; around ependymal and glial cells of the spinal 
cord; in the migratory pathway of neural crest cells; and in the fin, wing, and limb buds. In 
situ hybridization studies have provided evidence that all of these structures are able to 
synthesize tenascin-C mRNA (Crossin et al., 1986; Epperlein et al., 1988; Mackie et al., 
1988; Onda et al., 1991; Tucker et al., 1991, 1994; Wehrle and Chiquet, 1990; Wehrle-Haller 
et al., 1991; Riou et al., 1992; Tongiorgi, 1999). On the basis of in vivo observations and in 
vitro studies, tenascin-C is supposed to be involved in cartilage formation (Mackie et al., 
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1988; Vaughan et al., 1994), in epithelial–mesenchymal interactions (Aufderheide et al., 
1987), in supporting motility during cell migration (Tucker et al., 1991), in neurite outgrowth 
promotion, and glial migration inhibition (Taylor et al., 1993; Vaughan et al., 1994; Wehrle-
Haller et al., 1991, 1993). Targeted disruption of the tenascin-C gene in mice has not led to an 
obvious phenotype (Saga et al., 1992; Steindler et al., 1995), however studies involving 
pathological intervention, have shown that tenascin-C-knockout mice have several defects 
like abnormal behaviour, abnormalities in brain chemistry, defects in structure and repair of 
neuromuscular junctions, defect in haemopoietic activity in bone marrow (reviewed by 
Mackie and Tucker, 1999). In zebrafish embryogenesis, tenascin-C is expressed by somites, 
neural crest cells, roof plate, notochord, hypochord, and tail fin bud and suggesting a 
important role of tenascin-C in zebrafish development especially in axial structures which 
remains to be studied (Tongiorgi, 1999). 
Vitronectin, an ECM glycoprotein (reviewed in Preissner, 1991) has been identified as 
a factor that potentiates the motor neuron inducing activity of Shh. In chick, vitronectin is 
selectively expressed in the notochord and the ventral regions of the neural tube (Martinez-
Morales et al., 1997). While purified vitronectin alone does not appear to induce motor 
neurons in dissociated neuroepithelial cultures, it can stimulate the motor neuron inducing 
activity of Shh by fourfold in the same assay (Pons and Marti, 2000). This in vitro synergistic 
effect of vitronectin of the ability of Shh to induce motor neurons appears to be result of 
direct interaction between Shh and vitronectin, rather than a vitronectin induced proliferation 
of neural progenitor cells (Pons and Marti, 2000). However, mice lacking vitronectin function 
does not have any appreciable phenotype (Zheng et al., 1995), suggesting that it is not 
essential for motor neuron differentiation in vivo. This, however, does not rule out the 
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possibility that an as yet unidentified vitronectin-related molecule could compensate for its 
function. 
Apart from these, some novel ECM proteins have also been identified in the axial 
structures of zebrafish. For instance, Calymmin is a novel constitutive protein of the ECM 
compartment associated to the perinotochordal sheath in the zebrafish embryo, which is 
specifically expressed by the differentiating notochord cells (Cerda et al., 2002) 
To summarize, in addition to performing vital skeletal functions that hold the body 
together, the ECM protein molecules communicate to embryonic and adult cells information 
that promotes or delays their differentiation. The molecules may influence cells directly, or 
indirectly by harboring factors such as TGF-β. Hence, study of ECM proteins in the 
vertebrate development can provide us better understanding of tissue organization, migration 
and development in general. 
1.4. Collagen gene family  
The structural integrity of vertebrate organs is, for the most part, determined by the 
deposition of collagen molecules in the extracellular space of tissues that serve functions as 
diverse as bearing weight and transmitting light, providing protection and filtering fluids, and 
dispensing energy and resisting fatigue. The collagens are also intimately involved in a 
variety of developmental programs, such as cell adhesion and cell movement, as well as in a 
number of physiological processes including hemostasis, tissue remodeling, and wound 
healing (Bornstein and Sage, 1980). To fulfill such a plethora of diversified functions, the 
collagen genes have duplicated several times, thus generating multiple groups of structurally 
and functionally related polypeptides (Ramirez et al., 1989; Ramirez and Di Liberto, 1990). 
Collagen family consists of at least 32 unique genes (Table 1.1) that encode a common motif: 
(G-X-Y) where G=glycine, X = proline or hydroxyproline and Y = lysine or hydroxylysine 
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and exclude cysteine and tryptophan. The motif permits trimerisation (triple helix) of collagen 
molecules that combine into different collagen proteins. The protein products are diverse in 
size, structure, distribution and abundance. Each collagen gene encodes a precursor chain, 
known as pro alpha (α) chains, of specified number and type, which contain sequences that 
direct them to assemble with specific partners into molecules that contain three chains – some 
are homotrimers and some are heterotrimers.  
1.4.1 Structural organization of collagen genes  
As the basic unit of collagens is a polypeptide consisting of the repeating sequence of 
(G-X-Y), the resulting molecule twists into an elongated, left-handed helix (for review Beck 
and Brodsky, 1998). When synthesized, the N-terminal and C- terminal of the polypeptide 
have globular domains, which keep the molecule soluble. It is believed that as they pass 
through the endoplasmic reticulum (ER) and Golgi apparatus, the molecules are glycosylated, 
hydroxyl (-OH) groups are added to the "Y" amino acid, and S-S bonds link three chains 
covalently. The three molecules twist together to form a triple helix. Whether this applies 
equally to all collagens and to all situations is currently an open question. In some collagens 
(e.g., Type II), the three molecules are identical (the product of a single gene). In other 
collagens (e.g., Type I), two polypeptides of one kind (gene product) assemble with a second, 
quite similar, polypeptide that is the product of a second gene. When the triple helix is 
secreted from the cell (usually by fibroblast), the globular ends are cleaved off. The resulting 
linear, insoluble molecules assemble into collagen fibers (for review, Hay, 1971). 
Collagen biosynthesis involves one of the richest processing pathways of all proteins. 
Almost all collagen genes have dozens to more than 100 exons. The COL7α 1 gene has 118 
exons, the largest number of all known vertebrate genes, while the COL10α1 gene has only 
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two, making it the most intron poor of all the collagen genes. The fibrillar collagen genes 
have between 51 and 66 exons. The complexity of these genes and the deleterious 
consequences of exon-skipping and of the use of cryptic splice sites provide a rich substrate 
for mutations (for review, Boyd et al., 1993; Beck and Brodsky, 1998; Eyre, 2002). 
1.4.2 Classification of collagen genes  
The collagen family of genes can be broadly classified into these categories: fibrillar 
collagens, basement membrane collagens, FACIT, network collagens, microfibril collagens,  
anchoring fibrils with interrupted triple helix (long-chain collagen), transmembrane collagen 
and endostatin-binding collagens. Classification of collagen genes based on these categories 
is summarized in Table 1.1. Table 1.2 shows a classification with respect to the biology and 
location of collagen types. In aggregate, collagens represent the most abundant proteins of the 
body and, for the most part, function as extracellular binding blocks. Some, notably Type XIII 
and Type XVII, are transmembrane molecules, and others, Type XV and Type XVIII, house 
other functional molecules – endostatins – that appear to regulate vasculogenesis and are 
released from the parent molecule by proteolysis (Saarela et al., 1998; Sasaki et al., 1998). 
Thus, it should come as no surprise that mutations in many of these genes lead to phenotypes 
characterized by altered shape, although not altered form. That is, the basic instructions for 
laying down the body plan are uncompromised; it is only the final construction units that are 
either present in low abundance or modified in shape (for review, Hay 1971; Gustafsson and 
Fässler, 2000; Vogel, 2001). 
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Table 1.1. Summary of categories of collagen genes  
 
CATEGORIES TYPES COLLAGEN GENES 
FIBRILLAR collagens I, II, V, 
XI 
COL1α1, COL1α2, COL2α1, COL3α1, 




IV COL4α1, COL4α2, COL4α3, COL4α4, 
COL4α5, COL5α6 
FACIT (fIbril associated 




COL9α1, COL9α2, COL9α3, COL12α1, 
COL14α1, COL16, COL19 
NETWORK collagens VIII, X COL8α1, COL8α2, COL10α1 
MICROFIBRIL collagens VI COL6α1, COL6α2, COL6α3 
ANCHORING fibrils with 

















1.4.2.1  Fibrillar collagens 
Fibrillar collagens form the major form of collagen and comprise 95% of total 
collagen. The most important types of fibrillar collagen are Types I, II, III, V and XI. Type I 
is the most abundant collagen type, constituting 90% of fibrillar collagens. It forms the largest 
and strongest fibrillar component that provides tensile strength to bones, skin, tendons and 
ligaments. Collagen Type II is found predominantly, but not exclusively, in hyaline cartilage 
where it accounts for 90% of the total collagen. Type II exists in two splice variants (IIA and 
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IIB). The dominant form (IIB) found in mature cartilage and its exon 2 encoding a 69 amino 
acid cys-rich domain in the N-terminal propeptide is spliced out. In IIA, a transient embryonic 
form is found in prechondrogenic mesenchyme, perichondrium and vertebrae; the cys-rich 
domain is retained (Ryan and Sandell, 1990, Sandell et al., 1991, Sandell et al., 1994). Type II 
collagen is unique to articular cartillage and fibrocartilage, the vitreous body of the eye and 
certain other organs. Type III collagen is similar in structure to Type I but less abundant and 
is often encountered in areas of rapid collagen synthesis. Type V is found in some veins and 
arteries. Collagen XI is found in cartilage, heart, skeletal muscle, calvaria, skin and brain 
(Nah et al., 1992) and synthesised as a heterotrimer with three distinct proα1(XI), proα2(XI) 
and proα3(XI) chains.  
The first fibrillar collagen that is known to appear during embryonic development in 
the axial structures is Type II collagen, a widely distributed collagen in early avian or 
zebrafish embryo (Kosher and Solursh, 1989; Fitch et al., 1989; Yan et al., 1995). In addition 
to the support and strength it provides to the primitive skeletal rod, Type II collagen may also 
help in the inductive effects of notochord. Type II collagen has been shown to play important 
roles during the early morphogenesis of vertebrate embryo. The expression of Type II 
collagen in notochordal cells was demonstrated in human embryos beginning with stage 15 
using in situ hybridization. It has been suggested, that Type II collagen may be a promoter of 
chondrogenic differentiation acting at epithelial-mesenchymal interfaces. The expression of 
Type II collagen in the human notochord persists until birth (Gotz et al., 1995; Krengel et al., 
1996; Hayes et al., 2001; Zhu et al., 2001). Yan et al (1995) have also demonstrated the 
presence of Type II collagen in zebrafish notochord. 
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Type I collagen appears around the notochord and neural tube at the time of formation 
of the neural crest. In vitro studies show that Type I collagen gels promote the migration of 
crest and other mesenchymal cells quite well (Bilozur and Hay, 1988). In addition to 
providing tensile strength and supporting adhesion and migration, collagens I and II have 
been shown to promote differentiation of embryonic cells. In zebrafish, Type I collagen α 2 
was found to be expressed in the notochord and fin primordium suggesting its role in 
notochord and fin formation in zebrafish (Dubois et al., 2002). 
1.4.2.2  Basement membrane collagens 
The first collagen to appear in the early embryo is found in the basal laminae of 
ectoderm and endoderm and then in the basal lamina of the notochord, the condensing 
mesodermal epithelia and the neural tube. The earliest basal lamina contain Type IV collagen, 
the major structural component of basement membrane, which along with other components 
preserves the structure to which both epithelial cells and mesenchymal cells can adhere to 
some point. The collagen IV molecule consists of three α chains, as are the same with other 
collagen molecules. Six genetically distinct α chains that belong to this collagen have been 
identified by protein chemistry and cDNA cloning recently. Therefore, more than one 
molecular forms should exist in tissues. Theoretically at most 56 combinations of molecular 
forms of collagen IV could exist in various basement membranes in tissues (for review, Sado 
et al., 1998).  
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Table 1.2: Collagen types and their tissue distribution.  
Collagen Tissue Distribution 
    I * Skin, tendons, bones, ligaments, cornea, internal organs, filamental cartilage, placenta, arteries, liver. 
     II * Cartilage, gut, hyaline cartilage and intervertebral disks and the notochord and the adult vitreous body 
     III * Reticular networks, connective tissues, skin, blood vessels, internal organs, smooth muscles, lungs, uterus, liver, stroma. 
       IV ** Underlying most epithelial cells and surrounding muscle, nerve, smooth muscle, basement membrane 
        V  ** Precellular membranes, widespread in small amounts, most interstitial tissues, placenta, skin and smooth muscle cells 
VI most interstitial tissues, blood vessels, uterus, skin, ligaments, lungs, kidneys.
VII Skin, anchoring fibrils linking basement membrane to stromal tissue as in epidermis 
VIII Endothelial cells, cornea 
IX cartilage, vitreous body, intervertebral disks. less abundant, Involved in early development. 
X Cartilage (hypertrophic zone of the growth plate), less abundant, Involved in early development. 
XI Cartilage, vitreous 
XII Soft tissues 
XIII Cell surfaces, epithelial cells 
XIV Soft tissues 
XV Endothelial cells 
XVI Ubiquitous 
XVII Epidermal cell surfaces 
XVIII Endothelial cells 
XIX Ubiquitous 
* These three are known as the fibre forming collagens and comprise some 95% of the total 
collagen (Smith, 1986). 
** Type IV and Type V do not form fibrils and their arrangement in tissues is uncertain. 
The remaining types are not well characterized and are usually present in small amounts. It is 
the variation in length, primary structure and the presence of secondary structure elements 
which form the basis for categorizing the different collagen types. 
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1.4.2.3  Network collagens 
Collagen Types VIII and X form members of this group. Both are collagens that 
polymerize to form the sheet-like network basal laminae and anchoring fibril beneath 
stratified squamous epithelia (epithelium—coherent cell sheets formed from one or more 
layers of cells covering an external surface or lining a cavity). Collagen X is normally 
restricted to the thin layer of calcified cartilage that interfaces articular cartilage with 
bone. (for review, see Eyre, 2002).  
1.4.2.4        Microfibril collagens 
This classification of collagen type comprise of collagen VI which polymerizes 
into its own type of filamentous network that has multiple adhesion domains for cells and 
other matrix components (for review, Eyre, 2002). 
1.4.2.5  Anchoring fibrils with interrupted triple helix (long-chain collagen) 
Collagen VII is the major structural component of the anchoring fibrils at the 
dermal-epidermal junction in the skin. Procollagen VII is secreted by keratinocytes and 
processed into mature collagen VII during polymerization of the anchoring fibrils (for 
review, Burgeson, 1993). 
1.4.2.6 Transmembrane collagens 
Transmembrane collagens are expressed in many different tissues and cells, and 
are involved in a broad spectrum of biological functions, reaching from epithelial and 
neural cell adhesion, and epithelial-mesenchymal interactions during morphogenesis to 
host defense against microbial agents. Till date, this group includes Collagen XIII, XVII 
and XXIII and are believed to be involved in the molecular pathology of genetic and 
acquired human diseases including epidermolysis bullosa, ectodermal dysplasia, bullous 
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pemphigoid or Alzheimer disease (Hagg et al., 2001; Banyard et al., 2003; Franzke et al., 
2003) 
1.4.2.7 Endostatin forming collagens 
Endostatin is a fragment of the C-terminal domain (NC1) of collagen Type XV and 
XVIII that inhibits angiogenesis and tumor growth. They are found in vessel walls and 
basement membranes. The molecular mechanisms behind the inhibition of angiogenesis 
have not yet been elucidated (Sasaki et al., 1998; Zatterstrom et al., 2000) 
1.4.2.8  Fibril associated collagens with interrupted helices (FACIT) 
The collagens form a large family of extracellular matrix proteins. Collagen fibrils, 
composed of staggered arrays of fibrillar collagen molecules (Types I, II, III, V and XI), 
provide a supporting scaffold for extracellular matrices of connective tissues. The non-
fibrillar collagens are less abundant than the fibrillar collagens, but it is becoming clear 
that they have important functions in the matrix.  A group with unique structural 
characteristics has been defined and named the Fibril-Associated Collagens with 
Interrupted Triple-helices (FACIT) group and it is thought that these collagens may serve 
as molecular bridges that are important for the organization and stability of extracellular 
matrices (Shaw and Olsen, 1991). This group of collagens has recently been recognized 
and includes collagen Types IX, XII, XIV, XVI and XIX. FACIT collagens are present in 
association with fibrillar collagens Type I and II.  
Collagens Type XII and XIV are thought to be bound to fibril surfaces but not 
covalently attached. Fibrils containing collagens Type I and II are decorated with the 
FACIT collagens Type IX and XII. From structural data and in vitro experiments it 
appears that these molecules are important partners in the interactions of fibrils with 
molecules in their environment.  
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FACIT collagens are heterotrimeric and contribute to only 1% of the total 
collagens in mature articular cartilage although they are present in much higher 
concentration in fetal cartilage. They are comprised of three different chains, α1 (IX), α2 
(IX) and α3 (IX) (Shaw and Olsen, 1991; Olsen, 1995; 1997). All three chains contain 
three triple-helical sequence domains (COL domains) separated and flanked by non-triple-
helical domains (NC domains) that forms a long (NC1-COL1-NC2-COL2) and a short 
(COL3) triple helical rod connected by a flexible hinge (NC3). A large disulphide-bonded 
globule (NC4) located at the amino terminus of the short (COL3) collagenous rod is 
contributed mostly by the α1 chain.  
Collagen IX does not form its own fibrils; instead it associates in an anti-parallel 
fashion with Type II collagen on the surface of Type-II containing fibrils (Fig. 1.5) 
(Nishimura et al., 1989; Wu et al., 1992). It is linked to Type II collagen by a 
hydroxypyridinium cross-link which connects the central triple helical (COL 2) domain of 
one ColIXa2 chain to the amino telopeptides of two ColIIa1 chains, very close to the 
glycosaminoglycan attachment site found in the nonhelical NC3 domain of the ColIXa2 
chain. As a result, it is envisioned that the short COL 3 domain and the basic globular 
NC4 domains of Type IX collagen project at periodic distances from the surface of the 
fibril, where they can interact with adjacent fibrils via other Type IX molecules or matrix 
components (Mayne et al., 1985; van der Rest and Mayne, 1988). Hence, the projecting 
COL3 and NC4 domains from the fibrillar surface are possibly the major substrates for 
interactions with other matrix molecules. In this way, Type IX collagen is envisioned to 
bind together the fibrils of Type II collagen-containing matrices (van der Rest and Mayne, 
1988; Wu et al., 1992) (Fig. 1.5). 
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 Within the NC3 domain of the α2(IX) chain a Ser residue serves as the attachment 
site for a glycosaminoglycan (GAG) side chain, allowing collagen IX to be classified as a 
proteoglycan. In cartilage, the GAG chain is relatively short (about 50kDa) and not all 
collagen IX molecules are glycosylated, but in the chicken vitreous the GAG chain is 
almost 10 times longer. Apart from hyaline cartilage, Type IX collagen proteoglycan is 
also present on the surface of the collagen fibrils of the adult chicken vitreous but, unlike 
cartilage, lacks the NC4 domain and possesses a very long chondroitin sulfate chain, 
which provides an extensive coat to the fibril (Brewton et al., 1991). The expression of 
colIXα1 gene is driven by two separate promoters approximately 20 kb apart in both 
mouse and chick genomes generating two tissue-specific isoforms namely the long form 
(including the NC4 domain) in cartilage and the short form in ocular tissues (Nishimura et 
al., 1989,  Svoboda et al., 1988; Liu et al., 1993). Thus, collagen IX could be present in 
various modifications and possibly play different functional roles. 














To summarize, collagen as an important part of extracellular matrix, is not only 
essential for the mechanical resistance and resilience of multicellular organisms, but is 
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also one of the signaling molecules defining cellular shape and behavior. Polymers of 
fibrillar collagens (I, II) form the backbone of many components of the ECM, whereas 
many less abundant or “minor” collagens regulate or stabilize their structural properties. 
Changes in these collagens introduce subtle modifications in intermolecular interactions, 
which can modulate the morphology of the ECM and responses of the underlying or 
embedded cells. Some collagenous proteins help to form stable connections between cells 
and matrices, and some regulate the assembly and properties of the scaffold-forming 
collagens. Given such diverse functions it is not surprising that they play important roles 
in tissue morphogenesis (Reichenberger and Olsen, 1996; Gustafsson and Fässler, 2000, 
Vogel, 2001). It therefore, remains to be investigated in vivo how interfering with a less 
abundant non-fibrillar “minor” collagen like, collagen IX could interfere with this delicate 
balance and whether that would lead to any instability to the matrix.  Presence of various 
modifications of collagen IX for instance, the short form and long form could also have 
differential role in modulation of cell signaling which might be spatially and temporally 
variable. Zebrafish with its various advantages as a developmental model system would 
help to study the function of extracellular matrix proteins like collagens in development 
and morphogenesis especially during embryogenesis. 
1.4.3 Mutations of collagen genes and diseases 
The ability to synthesize ECM was the essential stepping-stone during early 
evolution of multicellular life. Synthesis and degradation of ECM proteins are critical not 
only for proper embryonic and postnatal development but throughout adulthood. In turn, 
any aberrant communication between cells and their surrounding ECM can lead to a 
plethora of human diseases, for example, atherosclerosis, arthritis, renal or lung fibrosis, 
and cancer. Complex phenotypes of collagen disorders arise as a consequence of 
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mutations in biosynthesis, assembly, post-translational modification, secretion, 
fibrillogenesis and interaction with other components of the extracellular matrix (for 
review, Byers, 2000; Briggs and Chapman, 2002 and Table 1.3).  
For the large part, the phenotypes that result from mutations in collagen genes 
reflect the tissue- and organ-specific distribution of the expression of these genes (Tables 
1.2). The developmental role of collagens can be difficult to define when mutations induce 
additional phenotypes. It is probably only in the presence of homozygosity for ‘null’ 
mutations that the role of a particular collagen, modifying enzyme, or chaperone can be 
assessed because of the ability of the organism to adapt to structural alterations. Most 
mutations in collagen genes act in a dominant manner, probably because the molecules 
they form are trimers and incorporation of a single abnormal chain interferes with the 
assembly of three chains in the molecule, the folding of the triple helix, or interactions 
with other molecules in the matrix (Engel and Prockop, 1991). The deliberate inactivation 
of collagen genes in model organisms like zebrafish would provide the means to study 
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Table 1.3. Mutations in Collagen genes and resulting human disorders (compiled 
from different sources) 
Collagen 
type 
Gene Disease Clinical symptoms 
Type I  COL1A1 Osteogenesis imperfecta (Brittle-bone 
disease),  
Ehlers-Danlos syndrome Type VIIA 
(Rubber-man Syndrome) 
 COL1A2 Osteogenesis imperfecta,  
Ehlers-Danlos syndrome Type VIIB, 
Type II 
Brittle Bone disease - Bone 
fractures, bone deformity, small 
stature, defective dentition, 
hearing impairment and blue 
sclerae (thinner conjunctiva)  
Rubber-man syndrome - 
Hyperextensible joints, tendons 
and skin 
Type II  COL2A1 Dwarfism, Stickler syndrome Type I, 
Wagner syndrome Type II, 
Spondylepiphyseal dysplasia congenita, 
Kniest dysplasia, hypochondrogenesis, 
Achondrogenesis Type II, Spondylo-
metaphyseal-epiphyseal dysplasia 
(SMED), Strudwick type  
 
Type III  COL3A1 Ehlers-Danlos Syndrome Type III, Type 
IV  
Risk of rupture of major arteries 
or the intestine 
Type IV COL4A1 to 
COL4A6 
Alport Syndrome  
Type V COL5A1 to 
COL5A3 
Ehlers-Danlos Syndrome Type I, Type II  
Type VI COL6A1 to 
COL6A3 
Bethlem myopathy  
Type VII  COL7A1 Dystrophic forms of Epidermolysis 
Bullosa 
Blistering of the skin 
 
Type IX  COL9A1 to 
COL9A3 
Multiple Epiphyseal Dysplasia (MED) 
Type I, II and III,  
Pain and stiffness in joints 
leading to short stature, 
deformity of legs and 
ligamentous laxity 
 COL9A2 Herniated discs of the vertebrae Leads to sciatica (severe back 
pain caused in the large sciatic 
nerve) 





Type XI COL11A1 Stickler syndrome, Type II; Marshall 
syndrome, Type III 
 
 COL11A2 Stickler syndrome, Type II; 
Otospondylomegaepiphyseal dysplasia 
(OSMED), Weissenbacher-Zweymuller 
syndrome; non-syndromic deafness 
(DFNA13) 
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1.5 Morphogenetic role of extracellular matrix proteins 
 
An important component of the cellular environment is the ECM, which is 
composed of glycoproteins, proteoglycans and glycosaminoglycans that are secreted and 
assembled locally into an organized network to which cells adhere (Hay, 1981). 
Interactions between cells and the ECM initiate a flow of information that acts to regulate 
many fundamental processes of development. These include cell migration in the early 
embryo, morphogenesis during organ formation, and the modulation of growth and 
differentiation programs of many cell types (for review, Bissell et al., 1982; Montesano, 
1986; Ramirez and Di Liberto, 1990; Adams and Watt, 1993; Hay, 1993; Lin and Bissell, 
1993; Roskelly et al., 1995; Hata, 1996; Leliévre et al., 1996; Reichenberger and Olsen, 
1996; Streuli, 1999, Gustafsson and Fässler, 2000).  
Morphogenetic events in an organism during development are not only regulated 
by diffusible morphogens and transcription factors but also by ECM and other cell 
adhesion molecules (De Luca, 1991; Jessell and Melton, 1992; Gehring, 1992; McGinnis 
and Krumlauf, 1992; Gurdon et al., 1995). The diffusible morphogens and transcription 
factors control the development of forms providing information or signals of 
morphogenesis but none of them actually performs morphogenesis. Instead they function 
to control patterns of expression of genes involved in the cellular processes underlying 
morphogenesis. ECM and its associated molecules are ideal candidate molecules for cell-
to-cell and cell-to-matrix interaction. They are likely to regulate actual morphogenesis 
since they give positional information on the cells producing them or on neighbouring 
cells.  Their genes may be targets of the morphological signal molecules (for review, Hata, 
1996).  
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Physical connections between the ECM, cytoskeleton and the nucleus occur along 
a structural continuum, which serves as an architectural scaffold upon which biochemical 
signal transduction pathways are overlaid (Ingber, 1993). A schematic model of the 
transduction of adhesion signals between ECM and cell is represented in Fig. 1.6. In brief, 
cells attach to the collagen fibrillar network with the help of fibronectin and the sites 
where cells adhere to ECM form a structure called focal adhesion. When the interactions 
with cell surface molecules such as integrins, syndecans, discoidin domain receptors, 
glycoproteins occur, the matrix molecules initiate signals that are channeled into different 
phosphorylation cascades (Fig. 1.6) (Gould et al., 1992; Schaller and Parsons, 1994; Hata, 
1996; Vogel, 1999, 2001). The most thoroughly studied interactions between the cell and 
the ECM are mediated by integrins, a family of heterodimeric transmembrane receptors 
composed of many members having overlapping and competing affinities for individual 
ECM ligands (Panayotou et al., 1989; Calof and Lander, 1991; Sage and Bornstein, 1991; 
Hynes, 1992; Giancotti and Ruoslahti, 1999; De Arcangelis and Georges-Labouesse, 
2000; Vogel, 1999, 2001). The α5β1 integrin interacts with the fibronectin molecule 
releasing adhesion signals that trigger a crosstalk between signal transduction pathways of 
the adhesion signals and that of growth factors (Ridley et al., 1992; Hata, 1996). These in 
turn control morphology of cells, modulate transcriptional activity, regulate cell 
differentiation and apoptosis and control processing of ECM components (Hill and 
Treisman, 1995; Solursh et al., 1984; Folkman and Moscona, 1978; Boudreau et al., 
1995). ECM components construct an insoluble complex, which regulates cell growth, 
metabolism and morphogenesis through cell surface receptors such as integrins.  
Genes for some ECM components like tenascin, cytotactin (Jones et al., 1992), or 
cell adhesion molecules, neural cell adhesion molecule (Jones et al., 1993) and L-CAM 
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(Goomer et al., 1994) have been shown to be direct targets of homeodomain proteins. It 
however, remains to be investigated if collagen genes are direct targets of morphogenesis 
regulating factors such as homeodomain proteins. Further investigation of the regulatory 
mechanism of gene expression of ECM components and the molecular mechanism of cell 
regulation by the ECM system will intensify our understanding of development, 
morphogenesis, and homeostasis of vertebrate system 
The role of the ECM during embryogenesis and morphogenetic events was first 
illustrated by the knockout of the gene for fibronectin, which caused defects in mesoderm, 
neural tube patterning and vascular development of mice (George et al., 1993; Hynes, 
1996). Since then mutations in several other genes encoding ECM proteins have 
demonstrated how indispensable ECM is during a variety of physiological and 
developmental processes. Knockout of laminin chains caused severe morphogenetic 
disorders during early embryonic stages resulting in embryonic lethality, defective neural 
tube, disruption of neuromuscular junctions, myocardial, brain and skeletal defects in mice 
(Xu et al., 1994; Miyagoe et al., 1997; Ryan et al., 1999; Gorski and Olsen, 1998; Miner 
and Li, 2000; Noakes et al., 1995; Patton et al., 1997; Libby et al., 1999; Smyth et al., 
1999). In zebrafish grumpy and sleepy mutants of laminin β1 and γ1 respectively, the 
basement membrane surrounding the notochord does not form demonstrating the 
importance of laminin for the differentiation of chordamesoderm to notochord (Parsons et 
al., 2002). In zebrafish, knypek encodes a member of the glypican family of heparan 
sulfate proteoglycans, proteins implicated in signaling by many cytokines (Perrimon and 
Bernfield, 2000; Selleck, 2000). Its mutation impairs gastrulation movements of 
convergent extension associated with abnormal cell polarity acting as a positive modulator 
of noncanonical Wnt signaling (Topczewski et al., 2001). The various mouse mutant 
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models of ECM proteins further demonstrate its significance as a morphogenetic molecule 
in various developmental pathways including gastrulation, organogenesis of 
cardiovascular system, kidney, brain, muscle, skin, skeleton etc (for review, Gustaffson 
and Fässler, 2000). Additionally, mutations in collagen genes resulting in various disease 
conditions have been already introduced in the earlier section 1.4.3. It is clear that changes 
in matrix molecules can lead to specific changes in cell behavior as seen with degradation 
of articular cartilage after mutations in collagen genes for instance (for review, Gustaffson 
and Fässler, 2000). Therefore, the role of ECM as a morphogenetic molecule has been 
recognized, however, given the fact that ECM is a three-dimensional network of 





















Fig. 1.6. Transduction of adhesion signals (from Hata, 1996) 
Abbreviations: α5, integrin alpha-5; β1, integrin beta-1; PDGF, platelet-derived growth
factor; PDGFR, PDGF receptor; PLC, phospholipase C; PIP2, phosphatidylinositol 4,5-
biphosphate; IP3, inositol 1,4,5-triphosphate; DAG, diacylglycerol; PKC, protein kinase C;
smgGDS, small molecular G protein GDP dissociation stimulator; Rac, Ras and Rho, small
molecular GTP-binding proteins; RhoGDI, RhoGDP dissociation inhibitor; RhoGAP, Rho
GTPase activating protein; Na+ H+, Na+/H+ antiporter; AF, actin filaments; ·A, · actinin;
V, vinculin; Te, tensin; Ta, talin; Pa, paxillin; TyrK, tyrosine kinase; c-Src, cellular src
tyrosine kinase; v-Src, viral src tyrosine kinase; Fadk, focal adhesion kinase; Grb2, growth
factor bound protein 2; Sos, son of sevenless; MAPK, MAP kinase; MAPKK, MAP kinase
kinase; ·5‚1, fibronectin receptor; FN, fibronectin; HSPG, heparansulfate proteoglycan;
LPA, lysophosphatidic acid; LPAR, LPA receptor; C3, C3 transferase; +, activation, and ",
suppression, of activity. Letters in rectangles indicate molecules with enzyme activity. 
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1.6 Rationale of the proposed Study 
1.6.1 Role of collagens in development 
Collagens are the members of a superfamily of ECM proteins. An important 
function of collagen with regard to development is its morphogenetic role as an adhesive 
macromolecule in directing cellular migration and condensation. As secreted proteins 
constituting a large portion of the extracellular matrix, different collagens may be 
involved in directing cellular migration, attachment, proliferation and differentiation. 
Specific expression of different collagens has been demonstrated in a variety of systems. It 
is reasonable to assume that most of these interactions occur or are initiated at the cell 
surface. The tripeptide sequence, Arg-Gly-Asp, which has been shown to determine the 
adhesion of cells to some extracellular proteins, occurs several times in most types of 
collagen chains. Several cell-surface receptors namely, integrins, discoidin domain 
receptors and glycoprotein VI for collagen have recently been isolated (Vogel, 1999, 
2001). Collagens also interact with at least two major attachment proteins, fibronectin and 
vitronectin. Hence, the various types of collagen in the extracellular space or in contact 
with the cell surface direct several aspects of cellular behavior development and cellular 
differentiation.  
Interestingly, almost twenty genes encoding different types of collagen in 
vertebrates have been traditionally linked to formation of the cartilage. But even in this 
tissue the function of different genes encoding collagen is not fully understood. It is well 
established that collagens play a role during formation of the skeleton and skin. They also 
promote cell migration, differentiation and tissue morphogenesis (van der Rest et al., 
1985; Perris and Perisinotto, 2000). The complex and diversified program of control of 
expression of vertebrate collagen genes includes an input from TGFβ signalling (Chen et 
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al., 1999) and other signalling pathways (Bell et al., 1997; Osaki et al., 2003). The 
deficiency of collagen encoding genes in human causes debilitating diseases (Rimoin, 
1996; Prockop and Kivirikko, 1995; Mugaraki et al., 1996; Holden et al., 1999). 
The whole extent of developmental roles of collagen in vertebrate is still not 
completely understood. For example, some authors suggested that in mammals one of the 
better studied collagen genes, colIIα1 is not involved in chondrogenesis (Sandell et al., 
1994). In contrast, it was found that in the zebrafish hypochord colIIα1 is co-expressed 
with twist (Yan et al., 1995), the gene implicated in differentiation of osteoblasts 
(reviewed in Rose and Malcolm, 1997), suggesting potential function of this gene during 
chondrogenesis. Further, mutation of colIIα1 disturbed spinal development (Savontaus et 
al., 1997). The interaction between these various genes in axial tissues is yet to be 
resolved. Identification of the downstream targets of axial regulators, including genes that 
give axial cells their differentiated phenotype, will help us to understand the genetic 
hierarchy underlying axis development. Additionally, analysis of a role of zebrafish genes 
encoding different collagens could be instrumental to understand their role during 
vertebrate development. 
1.6.2 Objectives   
Vertebrates share significant similarities in development, which has prompted 
scientists to choose different animal models such as mouse, chick and frog to study and 
understand molecular mechanism of development in human. In the recent years, the 
zebrafish (Danio rerio) emerged as an excellent model system of vertebrate development 
and the availability of large number of mutants in zebrafish are helpful for understanding 
this mechanism.  
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Previously, our lab has developed several cDNA libraries from adult and 
embryonic stages of the zebrafish. The embryonic library has good representation of genes 
involved in early development of the zebrafish including general maintenance and 
differentiation genes coding for proteins like translational machinery proteins, cytosolic 
proteins, cytoskeletal proteins, nuclear proteins, mitochondrial proteins and secreted 
proteins (Gong et al., 1997). Many of these cDNA have been used as tools to understand 
various developmental processes and pathways (Liao et al., 1997, 1999; Korzh et al., 
1998; Dheen et al., 1999; Tan et al., 1999; Wang and Gong, 1999; Xu et al., 1999, 2000; 
Loh et al., 2000; Chong et al., 2001; Gong et al., 2002; Wang et al., 2000, 2001a, b, 2003; 
Ju et al., 2003; Mudumana et al., 2004). 
During a general expression screening with clones coding for extracellular matrix 
proteins, we identified some clones highly expressed in the axial structures like notochord 
and floor plate. Interestingly, one of the clone, subsequently identified as Type IX 
collagen α2 (colIXα2), showed a unique expression pattern in the axial structures. Unlike 
other known and studied markers for axial structures (colIIα1) and midline signaling (shh, 
axial) which expresses first in the notochord followed by floor plate and hypochord, 
colIXα2 was found to express first in the precursors of the floor plate and subsequently in 
other axial structures. Type IX collagen contains three chains α1, α2 and α3 and their 
expression analysis showed different expression regions in the axial structures. Hence it is 
possible that during early development they perform both similar and different roles. The 
expression of colIXα2 was the most interesting of all owing to its appearance earlier in the 
floor plate precursors. Hence, this work was initiated to study a developmental role of the 
zebrafish colIXα2, a member of the ECM family of proteins. 
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The major objectives of this work were: i) to investigate the temporal and spatial 
expression pattern of colIXα2 in non-chondrogenic axial structures and its relation to other 
known axial regulators, ii) to manipulate the level of the product of this gene on zebrafish 
development with an aim to understand the functional importance of this gene in integrity 
and formation of axial structures and iii) to understand the regulation of this gene by 
various developmental pathways involved in axis development. It was envisioned that this 
work would provide insight into a developmental role of collagen IX during embryonic 
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II. MATERIALS AND METHODS 
2.1           Cloning and mapping  
2.1.1        DNA isolation 
2.1.1.1      Isolation and purification of plasmid DNA 
Small-scale preparation of plasmid DNA was carried out using Wizard Miniprep 
kit (Promega, USA) or Qiagen Plasmid Purification kit (Qiagen, USA). The protocol 
involved alkaline lysis followed by binding of plasmid DNA to a silica-based resin. DNA 
was eluted in low salt buffer or water. Normally, about 10 µg of high copy number 
plasmid DNA can be isolated from 4 ml of overnight bacterial culture in Luria-Bertani 
(LB) medium. 
Firstly, the bacteria in LB liquid medium with appropriate antibiotics were 
harvested by centrifugation at 12,000 rpm for 1 minute using the 5417C centrifuge 
(Eppendorf, Germany). Then the bacterial pellet was resuspended in 200 µl of cell 
resuspension solution (100 mg/ml RNAse A; 10mM EDTA; 25 mM Tris-HCl, pH 7.5). 
200 µl of cell lysis solution (0.2 M NaOH; 1% SDS) was added to the bacterial suspension 
and mixed by gently inverting the tube several times. This mixture was neutralized by 
adding 200 µl of neutralization buffer (1.32 M KOAc, pH 4.8). After being centrifuged in 
a microcentrifuge tube at 14,000 rpm for 5 minutes, the supernatant was transferred into a 
fresh 2-ml tube and 1 ml purification resin was added. The resin/DNA mix was transferred 
into a Minicolumn and washed with 2 ml of column wash solution (200 mM NaCl; 5 mM 
EDTA; 20 mM Tris-HCl, pH 7.5; 75% EtOH) using a vacuum manifold. The resin was 
drained by spinning the minicolumn at 14,000 rpm for 2 minutes. The minicolumn was 
then transferred to a new microcentrifuge tube and 30 µl of water was added. After 2 
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minutes incubation at room temperature, plasmid DNA was eluted from the column by 
centrifugation at 14,000 rpm for 2 minutes. 
2.1.1.2          Isolation of genomic DNA 
  Zebrafish (Danio rerio) used in the study was either purchased from local pet 
stores or maintained at Institute of Molecular and Cell Biology fish facility. A standard 
protocol for genomic DNA isolation as described by Sambrook et al (1989) was followed. 
The protocol consists of digestion of tissue with proteinase K, DNA extraction with 
phenol and precipitation with ethanol. To extract zebrafish genomic DNA, an adult fish 
(~600mg) was quickly frozen in liquid nitrogen and ground into powder. 10ml of 
extraction buffer (10mM Tris-HCl, pH8.0, 0.1M EDTA, 20µg/ml pancreatic RNAse, and 
0.5% SDS) was added into the powder and incubated at 37°C for 1 hour. Then proteinase 
K was added to a final concentration of 100µg/ml and gently mixed into the viscous 
solution, followed by incubation at 50°C for 3 hours with periodical swirling. Afterwards, 
the solution was gently extracted three times with phenol equilibrated by Tris-HCl 
(pH8.0). The genomic DNA was precipitated by adding 0.1 volume of 3M NaOAc and 2.5 
volume of ethanol and collected by swirling with a glass rod, following by 70% ethanol 
rinse. After 5 minutes air-dry, the DNA was dissolved into 1ml TE buffer (10mM Tris-
HCl, pH8.0, 1mM EDTA). The quantity and quality of the DNA were determined by 
optical density reading at 260nm (O.D260) and 280nm (O.D280). One unit of O.D260 is 
equivalent to 50µg/ml of double stranded DNA; O.D260/O.D280 ratio between 1.7-2.0 
indicates acceptable DNA quality. 
2.1.1.3         Isolation of DNA from agarose gel 
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QIAquick Gel Extraction Kit (Qiagen, USA) was used to recover DNA fragments 
of interest ranging from 100 bp to 10 kb from agarose gel according to manufacturer’s 
instructions. 
 Briefly, the gel slide containing the DNA band of interest was cut from the gel 
and melted at 50°C in Buffer QX1 for 10 minutes and then loaded into a QIAquick spin 
column. The volume of the Buffer QX1 was approximately three times of the gel slice 
volume. The column was centrifuged at 14,000 rpm for 1 minute, washed by adding 0.75 
ml of Buffer PE, and spun again. After removing residual Buffer PE by spinning at 14,000 
rpm for 1 minute, 15-20 µl of sterile water was added to the top of the column. The 
column was incubated at room temperature for 1 minute and DNA fragment was eluted 
into a 1.5-ml centrifuge tube by centrifugation at 14,000 rpm for 2 minutes. 
2.1.2 Restriction endonuclease digestion of plasmid DNA 
Restriction enzyme digestion was employed to screen recombinant clones and 
isolate specific DNA fragments, which is the first step for DNA cloning and mapping. 
 All the restriction enzymes used in the study were purchased from Stratagene, New 
England Biolabs or Promega (USA). All digestions were performed at 37°C for 45 
minutes to 1 hour, except that of Sma I digestions, which was performed at 25°C with 
recommended restriction enzyme buffers. Normally 3 units of enzyme were used to digest 
1µg of plasmid DNA. 
2.1.2.1  Incubation with restriction endonuclease 
2.1.2.2 Precipitation of digested fragment 
After restriction enzyme digestion, DNA was extracted by equal volume of 1:1 
phenol : chloroform. The supernatant was transferred into another Eppendorf tube and 2 
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volume of ethanol was added. After incubation in room temperature for 10 minutes, the 
DNA was collected by centrifugation at 14,000 rpm for 2 minutes. The pellet was then air-
dried and dissolved in proper volume of TE buffer or water. 
2.1.2.3 Quantification of DNA by gel electrophoresis 
Typical DNA electrophoresis was performed in 1% agarose gel unless special 
requirements were presented. The agarose powder was dissolved in 1XTAE (0.04 M Tris-
acetate; 0.001 M EDTA) by heating. After the solution was cooled to 60°C, ethidium 
bromide was added to a final concentration of 0.5 µg/ml and mixed thoroughly. 
Alternatively, a few drops of Ethidium bromide were added to the run buffer to get an 
approximate concentration of 0.5µg/ml. A voltage of 1-5 V/cm was applied during the 
electrophoresis. 
2.1.2.4 Quantification of DNA by spectrophotometry 
 DNA was quantified by optical density reading at 260nm and 280nm using UV-
1601 spectrophotometer (Shimadzu, Japan). One unit of OD260 is equivalent to 50µg/ml of 
DNA. 
2.1.3 Purification of PCR products 
 Suitable PCR products can be directly purified from the PCR mix. This purified 
product can be used for various applications including cloning and ligation. QIAquick 
PCR purification kit was used to purify the PCR product. To begin with, 5X volume of 
Buffer PB was added to 1X volume of PCR sample. QIAquick spin column was placed in 
a collection tube. The buffer and PCR sample mix was placed in the spin column and 
centrifuged for 1 minute. The flow through was discarded. 0.75 ml of Buffer PE was 
added to the spin column and centrifuge for 1 minute. The flow through was discarded and 
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centrifuged for additional 1 minute. The purified PCR product was then eluted with 20-30 
µl of sterile water or TE buffer by incubating for 1 minute and centrifuging for 1 minute. 
The purified DNA can be stored at –20ºC until further use. 
2.1.4 DNA ligation 
 DNA ligation reaction was carried out typically in 20 µl of volume, containing 2 µl 
of 10X ligation buffer (0.3 M Tris-HCl, pH 7.8; 0.1 M MgCl2; 0.1 M DTT and 5 mM 
ATP), insert DNA, vector DNA and 1 unit T4 DNA ligase. The molar ratio of insert-to-
vector DNA was usually 2:1 or 4:1. Ligation reaction was incubated at 14°C for sticky end 
or 4°C for blunt end ligation overnight. Subsequently, the ligation reaction was terminated 
by inactivating the ligase by heating at 80°C for 5 minutes and then transformation was 
carried out. 
2.1.3           Transformation 
2.1.5.1         Preparation of competent cells 
 Successful cloning relies on high transformation efficiency. Normally >107 
transformed colonies per µg of supercoiled plasmid is good for most cloning applications. 
 For the preparation of competent bacteria cells, 2 ml of LB broth was incubated 
with a single fresh colony of Escherichia coli (E.coli) strain DH5α at 37°C with 250 rpm 
shaking overnight. In the following morning, 0.5 ml of the culture was re-inoculated into a 
250 ml flask containing 50 ml of LB broth and shaken at 250 rpm at 37°C until OD600 
reached around 0.5. The culture was chilled on ice for 15 minutes after being transferred 
into 50 ml Falcon 2070 tubes. Cells were pelleted by centrifugation at 1,000 g at 4°C for 
15 minutes. The cell pellets were drained thoroughly and resuspended in RF1 (100 mM 
RbCl; 50 mM MnCl2; 30 mM Potassium acetate; 10 mM CaCl2 and 15% glycerol) with 
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1/3rd volume of the original bacteria culture. After incubation on ice for 15 minutes, the 
cells were spun down and resuspended in 1/12.5 of the original volume of RF2 (10 mM 
MOPS; 10 mM RbCl; 75 mM CaCl2; 15% glycerol). After another 15 minute-incubation 
on ice, the competent cells were transferred into 1.5 ml microcentrifuge tubes in aliquot 
and fast-frozen in liquid nitrogen. These aliquots can be stored at -80°C for several 
months. 
 Competent XL-1 Blue cells were prepared by adding 500 µl of overnight culture to 
about 10-15 ml of fresh LB. The cells were grown by incubation at 37ºC with shaking 
until the optical cell density reaches an OD600 value of 0.3-0.6. The cells were centrifuged 
at 6000 rpm for 10 minutes at 4ºC.  The pellet was resuspended with 1/10th volume of TSB 
(LB with 10% Polyethylene glycol (PEG 3350), 5% Dimethyl sulphoxide (DMSO), 
10mM MgCl2 and 10mM MgSO4) and incubated on ice for 10 minutes. The cells can be 
used fresh or stored at –80ºC for about one month.  
2.1.5.2 Transformation 
 Normally 10 µl of ligation reaction was added into 100 µl of E.coli DH5α 
competent cells or XL-1 blue competent cells. This transformation mixture was then 
incubated on ice for 30 minutes. The mixture was heated at 37°C for 90 seconds and 
cooled immediately on ice for 2 minutes. 900 µl of LB medium was added to the mixture 
and incubated with shaking (200 rpm) at 37ºC for 1 hr. Alternatively, 800 µl of TSB and 
20 µl of 1M Glucose was added to the transformation mix and incubated with shaking at 
37ºC for 1-1½ hrs. After incubation, 1/10 and 9/10 of the transformation reaction mixture 
was spread onto two separate LB plates supplemented with appropriate antibiotics in order 
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to produce proper density of transformant colonies. The plates were incubated at 37°C 
overnight. 
2.1.6 Subdividing cDNA library 
 The zebrafish embryonic cDNA library used in the study was constructed in the 
Lambda Uni-ZAP XR cloning system (Stratagene, USA). This library was used to isolate 
the full-length clone. However, the titer of the original library was very high, hence it was 
subdivided to reduce the plaques per subdivision for easier isolation of the full-length 
clone. A small aliquot from the library was diluted to different folds and plated on the 
E.coli cell strain XL1-Blue MRF’ to determine the titer of the library. XL1-Blue MRF’ is 
McrA – McrB strain which can avoid digesting hemimethylated DNA by the mecA and 
mecB restriction system. The diluted phage library was mixed with 600µl of host cells at 
an OD600 of 0.5 and incubated at 37°C for 15 minutes. After mixing with 6.5ml of NZY 
top agar maintained at 48°C, the infected bacterial suspension was spread evenly onto a 
plate of NZY agar. The plaques were visible after incubation at 37°C for 6-8 hours. The 
titer was calculated according to the plaque number in different plate. The subdivided 
library was then used for PCR screening and if necessary, subdivided further till a 
workable titer was obtained for successful isolation of the full-length gene. 
2.1.7 Isolation of RNA 
2.1.7.1 Isolation of total RNA from tissue or embryos 
 Total RNAs from zebrafish embryos and different tissues were extracted using 
TRIzol reagent (Gibco BRL). Briefly, about 200 embryos or 100mg of tissues were 
quickly frozen in liquid nitrogen and homogenized in 1ml of TRIzol reagent. The 
homogenate was incubated at room temperature for 5 minutes to allow nucleoproteins to 
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dissociate before 200µl of chloroform was added in. The mixture was shaken by hand 
vigorously for 15 seconds and incubated at room temperature for another 3 minutes, then 
centrifuged at 14,000rpm for 15 minutes at 4°C to separate aqueous and organic phase. 
500µl of aqueous phase was then transferred to a new tube and an equal volume of 
isopropanol was added. RNA was pelleted by centrifugation at 14,000rpm for 10 minutes 
at 4°C and washed with 1 ml of 70% ethanol. The RNA pellet was then dissolved in 20µl 
of DEPC (Diethyl pyrocarbonate) water and stored at -80°C. 
2.1.7.2  Measurement of RNA concentration 
 RNA was quantified by optical density reading at 260nm and 280nm using UV-
1601 spectrophotometer (Shimadzu, Japan). One unit of OD260 is equivalent to 40µg/ml of 
RNA, OD260:OD280 ratios >2.0 indicates good quality of RNA products. 
2.1.7.3  RNA gel electrophoresis 
 10µg of total RNA was fractionated on 1.2% denaturing agarose gel (1.2% 
agarose, 1X MOPS, 6% formaldehyde). Each RNA sample contained 50% formamide, 1X 
MOPS, 7% formaldehyde, 0.1 mg/ml ethidium bromide, and was heated at 65°C for 10 
minutes before loading with loading buffer (1X0.4% bromophenol blue, 6% sucrose in 
water). The gel was run at 80 volts in running buffer containing 1X MOPS and 3% 
formaldehyde until the dye runs out into the buffer. The gel was then rinsed in distilled 
water and a picture was taken with a ruler to show the distance among the bands. 
2.1.7.4  Synthesis of 5’ capped mRNA 
5’ capped mRNA was synthesized by mMessage Machine™ Sp6 kit (Ambion, 
USA). The typical reaction volume is 20µl, containing 1µg DNA linearized at 3’ end of 
the clone for sense RNA, 2µl 10X Reaction Buffer, 10µl 2X NTP/Cap, 2µl Enzyme Mix 
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and nuclease-free water. The reaction was incubated at 37°C for 2 hours. After that, 1µl 
RNase-free DNase I was added and mixed well. The tube was incubated for 15 minutes at 
37°C.  
 The recovery of RNA was performed by LiCl precipitation. First, 30µl Nuclease-
free water and 25µl Lithium Chloride Precipitation Solution were added into the reaction 
mix. Then the reaction was chilled at -20°C for 30 minutes and centrifuged at 14,000rpm, 
4°C for 15 minutes. The pellet was washed by 250µl 70% ethanol and re-centrifuged at 
14,000rpm for another 5 minutes. Finally, RNA was resuspended with DEPC treated 
water and 1µl of RNasin® (Promega, USA) was added to prevent degradation. The RNA 
sample can be stored at -80°C for 1 year. 
2.1.8 Polymerase chain reaction (PCR) 
 PCR is a powerful tool to amplify DNA fragments by a thermostable DNA 
polymerase and a pair of primers. It has been extensively used for various purposes like 
rapid amplification of cDNA ends (RACE) and colony screening. 
2.1.8.1 Standard PCR 
 Typical PCR was performed in a 50µl reaction using the Perkin Elmer DNA 
thermal cycler Model 480 and 9600 (Perkin Elmer, USA), Peltier Thermal Cycler PTC200 
(MJ Research, USA). Each reaction included 5µl of 10X PCR buffer (0.5M KCl, 0.1M 
Tris-HCl, pH8.8, 15mM MgCl2, 1% Triton X-100), 2.5µl of 2mM dNTP, 0.5µl of 
0.2µg/µl sense primer, 0.5µl of 0.2µg/µl antisense primer, 0.2µl of 5U/µl Taq polymerase 
and 1µl template DNA. A typical PCR reaction cycle consists of the following steps: 
denaturation at 94°C for 5 minutes, followed by 35 cycles of <94°C for 30 seconds, 
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annealing at the required temperature for 1 minute or its variable depending on the product 
size and 72°C for 1-2 minutes and final extension at 72°C for 10 minutes.  
2.1.8.2 Reverse-transcriptase PCR (RT-PCR) 
RT-PCR was performed in either two-step reaction or one-step reaction. In two-
step reaction, first step involved synthesis of first strand cDNA and the second step 
involved amplification of fragments of interest from single strand cDNA as template with 
two gene specific primers. First strand cDNA was synthesized for total RNA. The first 
strand cDNA synthesis reaction was performed in 30µl total volume containing 3µl of 
10X first-strand buffer (50mM Tris-HCl, pH8.3, 75mM KCl, 3mM MgCl2 and 10mM 
DTT), 3µl of 10mM dNTP, 1µl of RNAse inhibitor (40U/µl), 3 µl of oligo dT primer 
(1µg/µl), 5µg of total RNA and 1µl of MMLV reverse transcriptase (50U/µl). After 
incubating at 37°C for 1.5 hours, the reaction can be stored at -80°C or used as template 
for PCR immediately. PCR reaction was carried out using the standard condition 
described above. The one-step reaction was done using a Qiagen one-step RT-PCR kit 
(Qiagen, USA). The reaction mix contains all the components including a pair of gene-
specific primers as recommended by the kit specifications.  
2.1.8.3 5’ Rapid amplification of cDNA ends (5’ RACE) 
The cDNA libraries used in this study were constructed in the Uni-ZAP vector 
(Stratagene, USA). The cDNAs were cloned uni-directionally between the EcoRI and 
XhoI sites (5’-3’) of pBluescript SK (+) (Fig. 2.1) using the lambda ZAP vector. The 
primary library contains ~6X106 independent clones and 2.4X106 clones were amplified 
for long-term storage. Thus the amplified libraries are proper templates for both 5’RACE 
and 3’RACE. Combination of antisense gene-specific primers and T3 primer or SK primer 
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were applied for 5’RACE, and combination of sense gene-specific primers and T7 or M13 
primers for 3’RACE. RACE PCR conditions were essentially the same as the standard one 
as described in section 2.3.1, except that different annealing temperatures were used 
depending on the melting temperature (Tm) of the gene-specific primers. 25 µl of PCR 
product was electrophoresized on a 1% agarose gel. The prominent and large bands were 
recovered by the QIAquick Gel Extraction Kit (Qiagen, USA). 
2.1.8.4 Colony screening PCR 
PCR is a simple, fast and sensitive way to detect trace amount of specific DNA 
molecules. Thus, PCR can be applied to screen for correct recombinant DNA directly 
using the bacteria colonies, as DNA would be effectively released from bacteria cells 
under the high temperature conditions during PCR. A pair of vector primers flanking 
cloned insert will define the size of insert by a PCR. Colony screening by PCR is more 
sensitive and less time-consuming than restriction enzyme digestion analysis of extracted 
and purified plasmids. 
For PCR screening, colonies to be examined were marked in numerical order. A 
toothpick was used to touch the colony and the attached bacteria was inoculated in PCR 
tube preloaded with 20µl pf PCR mixture, containing 0.6U of Taq DNA polymerase, 2µl 
of 10X PCR buffer, 1µl of 2mM dNTP mix and 0.2µg each of sense and antisense 
primers. For pBluescript vector, SK and T7 primers were used as primer pair; for pT7Blue 
vector, Reverse and U19 primers were used. PCR program includes initial denaturation at 
94°C for 5 minutes, followed by 30 cycles of denaturation at 94°C for 30 seconds, 
annealing at appropriate temperature (for example 55°C) for 45 seconds and elongation at 
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72°C for 1-2 minutes. PCR product was examined in 1~1.5% agarose gel. Colonies that 
yielded PCR products with expected size were inoculated for plasmid DNA preparation. 
2.1.8.5 Cloning of PCR products  
The recovered PCR products were cloned into the pT7Blue T-vector system 
(Novagen, USA. Fig. 2.2). The pT7 Blue T-vector is prepared by cutting vector with 
EcoRV and adding a 3’ terminal thymidine to both ends by the manufacturer. These single 
3’-T overhangs at the insertion site greatly improve the efficiency of ligation of PCR 
products into the plasmid because the Taq DNA polymerase generate a 3’ adenine 
overhang in the PCR products. The ligation reaction was performed as described in 
section 2.1.4. 
2.1.9         Sequencing of double-stranded DNA 
2.1.9.1      Manual sequencing 
Manual sequencing reactions were conducted using T7 Sequencing™ kit 
(Pharmacia Biotech, Sweden) according to Sanger dideoxynucleotide chain termination 
technique (Sanger et al., 1977). The quick annealing method was used. Each reaction 
contains 9 µl of plasmid DNA (1.4-2 µg), 1 µl of primer (30 µg/ml) and 1.5 µl of 1 M 
NaOH. The mixture was incubated at 65°C for 5 minutes and transferred to a 37°C water 
bath. 1 µl of 1 M HCl and 2 µl of Annealing Buffer were added. After incubation at 37°C 
for 10 minutes, the tube was incubated at room temperature for 5 minutes. Labeling was 
performed using [α-35S] dATPαS (Spp. Act. >1,000 Ci/mmol; 10mCi/ml in aqueous 
solution, Amersham, UK) radioisotope. T7 DNA polymerase was diluted to the 
recommended concentration (1.6 units/µl) before use. The labeled dATP was added to the 
reaction mixture containing annealed primer/template, labeling mix and diluted T7 DNA 
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polymerase. After incubation at room temperature for 5 minutes, aliquots of 4.5 µl of 
labeling reaction were added to each of the four 1.8 µl of pre-warmed sequencing mixes 
which contain four deoxynucleotides and one specific dideoxynuleotide. The termination 
reaction was carried out at 37°C for 5 minutes and stopped by adding 4.5 µl of stop 
solution to each tube. 
 The sequencing reactions were heated to 95°C for 5 minutes before being loaded 
into the wells of 6% polyacrylamide sequencing gel [60 ml of gel mix contains 12 ml of 
30% acrylamide stock solution (29.2% acrylamide/0.8% bisacrylamine); 12 ml of 5X 
TBE; 12 ml of H2O; 30g urea; 270 µl of 10% APS and 40 µl TEMED]. The top running 
buffer used was 0.5X TBE while the bottom buffer was 1X TBE. 3 µl of each sample was 
loaded and electrophoresis was carried out at 1,800 volts for about 2 hours. After 
electrophoresis, the gel was transferred onto a dry Whatman paper and dried for 2 hours 
using the gel drier Model 583 (BIO-RAD, UK). An X-ray film (Biomax™ MR single 
emulsion film, Kodak, USA) was placed against the dried gel, exposed overnight, and 
developed using the M35 X-omat developer (Kodak). 
2.1.9.2      Automatic sequencing 
Automated sequencing reactions were carried out using the ABI PRISM™ 
BigDye™ Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer). The kit 
contains a sequencing enzyme AmpliTaq® DNA Polymerase called FS and a set of dye 
labeled terminators for fluorescent cycle sequencing lager fragments with more accuracy. 
Each sequencing reaction (20 µl) contains 8 µl of Terminator Ready Reaction Mix, 
200-500 ng of double strand DNA, and 1 µl of primer (0.2 µg/µl). PCR was performed on 
the GeneAmp PCR System 9600 (Perkin Elmer) or Peltier Thermal cycler PTC200 (MJ 
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Research, USA) with 25 cycles of 96°C for 10 seconds, 50°C for 5 seconds and 60°C for 4 
minutes, and finally hold at 4°C. Ethanol precipitation was carried out to purify the 
extension products. 2 µl of 3 M NaOAc (pH4.6) and 50 µl of 95% ethanol was mixed with 
the 20-µl reaction mix, and incubated at room temperature for 15 minutes. The tube was 
spun at 4°C for 20 minutes at 14,000 rpm. The pellet was rinsed with 250 µl of 70% 
ethanol and air-dried. 
 The DNA pellet was dissolved in 6 µl of loading dye [50 ml contains EDTA (25 
mM, pH8.0) 1 ml; 10 ml deionised formamide; 50 mg Dextran blue and 39 ml H2O] and 
heated to 92°C for 3 minutes.  Samples then were chilled on ice for 2 minutes before being 
loaded into the sequencing gel (18g urea; 5 ml 10X TBE; 5 ml long range gel solution and 
26 ml H2O; 250 µl 10%APS and 35 µl TEMED). The electrophoresis was carried out at 
1,690 volts for 5-9 hours. The sequencing ladders were analyzed automatically by an 
ABI377 sequencer system and software. 
2.1.10        Radiation hybrid mapping  
The radiation hybrid DNA panel Goodfellow T51 (Kwok et al., 1998; Geisler et 
al., 1999; Talbot and Hopkins, 2000) was screened by PCR using two pair of primers – 
Mapping primer I and Mapping Primer II based on the 5’ untranslated region and 
Mapping Primer III and Mapping Primer IV based on the 3’ untranslated region of 
colIXa2 cDNA (Fig. 3.2). PCR was performed for 35 cycles with an annealing 
temperature of 55°C. The PCR products were analyzed by agarose gel electrophoresis. 
Linkage analysis was performed using software from the Max-Planck-Institut für 
Entwicklungsbiologie, Tuebingen in Germany (http://wwwmap.tuebingen.mpg.de). 
2.1.11 Phylogenetic analyses 
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 The amino acid sequences to be used for the phylogenetic analyses were saved in 
fasta format as a text file. Conserved regions were aligned by ClustalW (v1.7). One 
hundred bootstrap replicates were performed and consensus parsimony phylogenetic tree 
created using Phylip (v3.572c) (Fig. 3-4). 
2.1.12      Vectors used 
2.1.12.1     pBluescript SK (+/-) 
  pBluescript SK (+) is a high copy number colE1-based phagemid vector, which is 
suitable for cDNA library construction. Its multiple promoters on both sides of cDNA 
insert provide chances for convenient in vitro transcription of RNAs (Fig. 2.1). 
 
 
   Fig. 2.1. pBluescript SK (+/-) vector map (reproduced from www.stratagene.com) 




2.1.12.2      pT7Blue 
 The pT7 Blue T-vector contains the pUC19 backbone with high-copy number 
origin of replication and lac sequences. It is designed mainly for simplified cloning of 
PCR products with its single T-nucleotide overhangs compatible to the 3’ A-nucleotide 
overhangs on PCR products (Fig.2.2). 
 
 
Fig. 2.2.  pT7-Blue T-vector map (reproduced from www.novagen.com) 
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2.1.12.3      pGEMT 
 The pGEM®-T and pGEM®-T Easy Vector Systems are convenient systems for 
the cloning of PCR products. The vectors are prepared by cutting Promega’s pGEM®-
5Zf(+)(b) and pGEM®-T Easy Vectors with EcoR V and adding a 3´ terminal thymidine 
to both ends. These single 3´-T overhangs at the insertion site greatly improve the 
efficiency of ligation of a PCR product into the plasmids by preventing recircularization 
of the vector and providing a compatible overhang for PCR products generated by certain 
thermostable polymerases (Fig. 2.3).  
 








The pBK-CMV vector allows both prokaryotic and eukaryotic expression with 17 
unique sites in its multiple cloning region enabling efficient cloning and subcloning. The 
major applications of this vector are directional sense and antisense insert cloning with 
cDNA synthesis, creation of serial exo/mung deletions and f1 origin allows rescue of 
single-stranded DNA and double- and single-stranded sequencing. Selection is based on 
kanamycin resistance in bacteria and G418 resistance in eukaryotic cells and additionally 
providing blue/white color screening in E. coli (Fig. 2.4). 




       
             Fig. 2.4.  pBK-CMV vector map (reproduced from www.stratagene.com) 
 
2.2 Expression analyses  
2.2.1 Zebrafish  
2.2.1.1 Wild type zebrafish 
 Wild-type Zebrafish (Danio rerio) were either obtained from local petstore or from 
lines maintained at the fish facility at Institute of Molecular and Cell Biology 
Agrobiology, Singapore. The fish were maintained and raised according to the method 
described in the Zebrafish Book by Westerfield (1989). The fish were fed twice a day with 
flakes (Aquori, USA) and brine shrimp (World Aquafeeds, USA). The fishes were 
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maintained under a photoperiod cycle of 12 hrs of light from 0800 to 2000 hours (day) and 
12 hrs of dark from 2000 to 0800 hours (night).  The embryos were collected by two 
techniques. In the day before embryo collection, a clean tray layered with clean marbles 
was placed at the bottom of the tank. Sometimes multiple trays were used depending on 
size of tank and number of fishes. The following morning embryos were collected by 
siphoning with a plastic pipe. Alternative method of breeding and spawning of zebrafish 
used 2-tank system (inner breeding tank and outer embryo collection tank), one tank 
placed inside another with the inner tank having a mesh bottom and sufficient distance 
between the bottom of inner and outer tank. Adult male and female zebrafish were 
segregated by a plastic divider and placed in the inner tank the day before spawning. Some 
plastic green plants available from the local aquarists were introduced into the breeding 
tank to simulate natural environment. The next morning the divider was removed and the 
fishes were allowed to breed and spawn. The embryos were collected from the bottom of 
outer tank by using a mesh sieve and grown at 28°C. The required developmental stages 
were presented as hours post-fertilization (hpf). 
2.2.1.2 Mutant lines of zebrafish 
 Embryos from mutant fish lines were obtained from fishes maintained and 
established at the Institute of Molecular and Cell Biology, Singapore. The embryos from 
the mutant lines of fishes were collected in the same way as that of the wild type. The 
required developmental stages were presented as hours post-fertilization (hpf). 
2.2.1.3 Stages of embryonic development 
Accurate staging of development provides the primary and vital tool in defining 
the scaffold of various developmental events. Hence, it is imperative that the stages of 
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embryonic development are well identified and recorded. Proper and healthy embryonic 
development occurs only at the optimum conditions of temperature and environmental 
factors. At an optimum temperature of 28°C without overcrowding (not more than 5-10 
embryos/ml of embryonic water), the embryogenesis of zebrafish can be divided into 
seven consecutive periods based on Kimmel et al (1995): Zygote period (0-¾); cleavage 
period (¾– 2¼); blastula period (2¼– 5¼); gastrula period (5¼-10); segmentation period 
(10-24 hrs); pharyngula period (24-48 hrs) and hatching period (48-72hrs) until the 
swimming larva are hatched. A schematic representation of some important 
developmental stages of zebrafish embryos with the accompanied morphological changes 
is shown in Fig. 1.1. 
2.2.2 In situ hybridization 
2.2.2.1 Synthesis of labeled RNA probe 
2.2.2.1.1 Linearization of plasmid DNA 
 5µg of plasmid DNA was linearized at the 5’ end of the cDNA insert by a proper 
restriction enzyme at 37°C for 45 minutes (section 2.1.2). Completion of linearization was 
confirmed by running the digestion product on 1% agarose gel. After confirming, the 
linearized fragment was purified by phenol:chloroform precipitation. The total volume of 
digestion mix was made up to 100 µl and equal volume of 1:1 phenol:chloroform was 
added (the lower strata containing the phenol was used). This was followed by 
centrifugation at 14,000 rpm for 5 minutes at room temperature. The top layer was 
removed to a fresh tube and 1/10th 1M Sodium acetate and 2X volume of cold absolute 
ethanol was added. This mix was incubated on ice for 30-45 minutes and centrifuged for 
30-45 minutes. The supernatant was carefully discarded without disturbing the pellet. The 
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pellet was washed with 75% ethanol for 5 minutes at 14,000 rpm. The pellet was then 
resuspended in 50-100 µl of sterile water or TE buffer for further use. The linearized DNA 
can be further visualized by running on a 1% agarose gel and quantitated by 
spectrophotometry. 
2.2.2.1.2 Probe incubation and precipitation 
 1µg of linearized DNA was used to synthesize the DIG/Fluorescein probe. The 
reaction was performed at 37°C for 2 hours in a total volume of 20µl containing 4µl of 5X 
transcription buffer (Stratagene, USA), 2µl of DIG/Fluorescein-NTP mix [10mM ATP, 
10mM CTP, 10mM GTP, 6.5mM UTP and 3.5mM DIG/Fluorescein-UTP (Boehringer 
Mannheim, Germany)], 1µl of RNase inhibitor (40U/µl) (Promega, USA) and 1µl of T7 
RNA polymerase (50U/µl) (Promega, USA). Following the reaction, 2µl of RNase-free 
DNase I was used to digest the DNA template at 37°C for 15 minutes. 1 µl of 0.5M EDTA 
(pH 8.0) was used to stop the restriction digestion. Subsequently, 2.5µl of 4M LiCl and 
75µl of cold pure ethanol were added to precipitate the RNA. After washing with 75% 
ethanol, the RNA probe was resuspended in 60µl of DEPC treated water and cleaned 
using a Chroma Spin-100 DEPC H2O Column (Clontech, USA) by centrifuging at 700g 
for 5 minutes to remove the impurity and small RNA fragments. 
2.2.2.1.3 Quantification of labeled probe 
 The labeled probe was quantified visually by Gel Electrophoresis and quantitated 
using spectrophotometric analysis at OD260/280 nm. 
2.2.2.2      Whole-mount in situ hybridization 
2.2.2.2.1    Preparation of zebrafish embryos 
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  All zebrafish embryos used in this study were staged according to the Zebrafish 
Book (Westerfield, 1989) and indicated as hours post fertilization (hpf) at 28.5°C. Staged 
embryos were fixed in 4% paraformaldehyde (PFA)/PBS (0.8% NaCl, 0.02% KCl, 
0.0144% Na2HPO4. 0.024% KH2PO4, pH 7.4) for 12 to 24 hours at room temperature or 
4°C. Embryos younger than 16 hpf were fixed before dechorionization and the chorion 
was removed afterwards. Embryos older than 16 hpf were dechorionated before fixation. 
Older embryos with tails were hibernated on ice before fixation to prevent the curling of 
tails. After fixation, the embryos were washed in PBST (0.1% Tween20 in PBS) twice 
for 1 minute each, followed by four times for 20 minutes each on a nutator (ClAY 
ADAMS® Brand, Becton Dockinson, USA) at room temperature. After changing PBST 
to methanol, the embryos were kept at -20°C for several months. Before they were used 
for in situ hybridization, the embryos were rehydrated in PBS in two or three times by 
changing half volume of solution each time. 
 2.2.2.2.2 Proteinase K treatment 
 This step is especially necessary for embryos older than 14 somites (>16hpf). 
Embryos were treated with 10µg/ml of proteinase K in PBST at room temperature. The 
time of exposure depended upon embryos age and the specific activity of proteinase K, 
which varied from batch to batch. For most cases, the conditions used are as given. 
16-24 hpf               3-4 minutes 
24-32 hpf        5-6  minutes 
32-50 hpf               10-20 minutes 
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    To stop the reaction, the proteinase K solution was removed completely, and the 
embryos were fixed again in 4% PFA/PBS for 20 minutes at room temperature. Embryos 
were first washed in PBST twice for 1 minute and then 4-5 times for 15-20 minutes each. 
2.2.2.2.3 Prehybridization 
Prehybridization was performed by changing half the volume of washing solution 
with hybridization buffer [50% formamide, 5X SSC, 50 µg/ml Heparine, 500 µg/ml 
tRNA, 0.1% 0.1% Tween20, pH6.0 (adjusted bycitric acid)] and incubated at room 
temperature for 1 hour. This solution was removed and replaced with hybridization buffer; 
embryos were incubated at 68°C for 5-10 hours. 
2.2.2.2.4        Hybridization  
1-2µl of DIG-labeled probe was diluted in 200µl of hybridization buffer. The 
probe was denatured by heating at 80°C for 5 minutes followed by 2 minutes of ice bath. 
Embryos of different stages or treatments were selected and placed in one tube or separate 
tubes depending on the experimental conditions. The original buffer was replaced with the 
denatured probe dissolved in hybridization buffer. Hybridization was performed at 68°C 
in a circulating water bath overnight with shaking. 
2.2.2.2.5 Post-Hybridization washes  
The next day, the probe was removed and replaced with prewarmed 100% 
hybridization wash solution (hybridization buffer without tRNA and heparine) for 15 
minutes. The embryos were then washed in the following order of wash solutions 75% 
hybridization wash solution: 25% 2X SSCT (SSC with 0.1% Tween20), 50% 
hybridization wash solution:50% 2X SSCT, 25% hybridization wash solution:75% 2X 
SSCT for 15-20 minutes each. This was followed by 2X SSCT wash twice for 30-45 
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minutes each and 0.2X SSCT wash twice for 30-45 minutes each. Subsequently, the 
embryos were washed twice with PBST (PBS with 0.1% Tween20) at room temperature 
for 5 minutes each. 
2.2.2.2.6          Antibody incubation 
2.2.2.2.6.1 Preparation of preabsorbed DIG  
Commercial DIG-AP antibodies (Boehringer) should be preincubated with 
biological tissues, preferably of the same origin as the sample used for hybridization, in 
order to decrease the staining background and increase signal-to-noise ratio. Anti-DIG and 
Fluorescein-AP was diluted to 1:500 and 1:50 in Maleic Acid buffer (0.15M Maleic acid, 
0.1M Nacl; pH 7.5)/10% FCS (Fetal calf serum, Gibco BRL) respectively and incubated 
with 50 zebrafish embryos of any stages on a nutator at 4°C overnight. After that, the 
antibodies solution was transferred to a new tube and diluted to 1:5000 and 1:500 with 
Maleic Acid buffer/10% FCS. 10µl of 0.5M EDTA (pH8.0) and 5µl of 10% sodium azide 
were added to prevent bacterial growth. The preabsorbed antibody was stored at 4°C and 
can be used for many times. 
2.2.2.2.6.2 Incubation with preabsorbed antibodies. 
The embryos after hybridization and post hybridization washes were incubated in 
Maleic Acid buffer/10% FCS for 2 hours at room temperature to block non-specific 
binding sites for antibody. After removing the blocking solution, the embryos were 
incubated with preabsorbed anti-DIG-AP antibody at 4°C overnight. 
2.2.2.2.7         Color development 
Embryos were washed in PBST twice for 1 minute each, and 4 times for 15-20 
minutes each on a nutator at room temperature followed by washing in buffer 9.5 (0.1M 
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Tris-HCl, pH9.5, 50mM MgCl2, 10mM NaCl and 0.1% Tween20) once for 30 seconds 
and twice for 10 minutes each. 4.5µl of NBT (Nitroblue tetrazolium, Boehringer 
Mannheim, 50mg/ml in 70% dimethyl formamide) and 3.5µl of BCIP (5-bromo, 4-chloro, 
3-indodyl phosphate salt, Boehringer Mannheim, Germany; 50mg/ml in H2O) was added 
into 1ml of buffer 9.5 with embryos and mixed thoroughly. Embryos were kept in dark at 
room temperature for few minutes to several hours, and the progress of staining was 
monitored from time to time under a Leica MZ12 microscope (Leica, Germany). To stop 
the reaction, staining solution was removed and the embryos were washed in 1X PBST 
twice for 10 minutes each. Embryos can be preserved in 4% PFA/PBS at 4°C. 
2.2.2.2.8           Mounting and photography 
Selected embryos were washed with PBST twice for 10 minutes each and 
transferred to 50% glycerol/PBS, equilibrated at room temperature for several hours. 
For whole mounts, a single chamber was made by placing stacks of 3-5 small 
cover glasses on both side of a 25.4X76.2 mm microscope slide. Small cover glasses in 
the stacks will be perfectly solid 1 hour after placing a drop of Permount between them. 
Selected embryo was transferred to the chamber in a small drop of 50% glycerol/PBS and 
oriented by a needle. A 22X44 mm cover glass with a small drop of the same buffer was 
superimposed onto the embryo. The orientation of the embryo can be adjusted by gently 
moving the cover glass. 
For flat specimen, the yolk of selected embryo was removed completely by 
needles. The embryo without yolk was then placed onto a slide with a small drop of 50% 
glycerol/PBS and adjusted to a proper orientation by removing excess of liquid and with 
the help of needles. A small fragment of cover glass (a bit larger than the specimen) was 
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covered onto the embryo. Care was taken to avoid bubbles and a drop of 50% 
glycerol/PBS was added to fill the space under the cover glass. This specimen was sealed 
with nail polish along the edge of the cover glass to prevent it from drying. 
Photographs were taken using a camera mounted to an Olympus AX-70 
microscope (Olympus, Japan). The films used were Kodak Gold 200 and 400 ASA. 
2.2.2.3         Cryosectioning embryos 
2.2.2.3.1       Preparation of slides and blocks 
The fixed and stained embryos were first transferred into molten 1.5% bactoagar, 
equilibrated with 30% sucrose (at 48ºC) in a detached cap of eppendorf tube. The samples 
were adjusted to the required orientation with needles before the agar solidified. After the 
agar block solidified, a small block was cut with razor or blade in such a way that a flat 
base and a slanting top edge was created for proper positioning and sectioning of the 
sample. The block was then transferred to 30% sucrose solution and incubated at 4ºC 
overnight for equilibration.  
2.2.2.3.2 Sectioning, mounting and photography 
Subsequently, the block was placed on the frozen surface of a layer of tissue 
freezing medium cryostat (Reichert-Jung, Germany) on the prechilled tissue holder. The 
block was then coated with a drop of cryostat freezing medium and frozen in liquid 
nitrogen until the block had solidified completely. The frozen block was placed in the 
cryostat chamber (Reichert-Jung, Germany) for 30 minutes to 1 hour to equilibrate with 
chamber temperature of –25ºC. Normally, 10µm thick sections were cut and placed on 
superfrost plus slides (Fisher, USA). The slides were dried on a 42ºC hot plate for about 
30 minutes to 1 hour. The sections were then fixed briefly with 4% PFA-PBS for 10 
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minutes and washed gently with PBS for 3 times, 10 minutes each and cryosectioned (10-
20 µm). These sections was either embedded in several drops of glycerol and covered with 
glass cover-slip for photography or used for section in situ hybridization or 
immunohistochemistry 
2.2.2.4 Alcian blue staining of cartilage tissues 
The protocol used for alcian blue staining of cartilage tissues was modified from 
Schilling et al (1996) and Piotrowski et al (1996). The embryos were anaesthetized and 
fixed in 4% PFA-PBS overnight at room temperature. The embryos were then washed 4X 
20 minutes each with PBST, treated with proteinase K briefly, fixed with 4% PFA-PBS 
for 1 hour and washed again with PBST for 4X 20 minutes each. The embryos were then 
transferred to 0.1% alcian blue dissolved in 70% absolute ethanol/30% glacial acetic acid 
and allowed to stain for 24 hours to 3 days. After staining, the embryos were rinsed in 
ethanol and gradually rehydrated into PBS. Tissues were cleared in 1%KOH/3%H2O2 for 
1 hour to several hours to remove pigmentation. This is not necessary if embryos were 
grown in PTU. The embryos were mounted in 50% glycerol/PBS and photographed. 
2.3        Protein applications 
2.3.1  Extraction of protein 
 Protein was extracted from embryos to enable protein analyses, western blotting 
and detection using antibodies. Embryos at desired stage with or without treatment were 
collected. The yolk was squeezed or scooped out with needle to flatten the embryos. The 
de-yolked embryos were transferred immediately to a 15 ml falcon tube containing 5 ml of 
ice cold PBSEE (PBS + 10 mM EDTA + 10 mM EGTA). The embryos were disintegrated 
by vigorous pipetting. Subsequently, the tubes with disassociated embryos were 
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centrifuged at 1000 rpm for 5 minutes at 4ºC. The supernatant was discarded without 
disturbing the pellet and the washes repeated atleast twice with PBSEE. The pellet was 
then resuspended in 1 ml of PBSEE and transferred to an eppendorf tube and centrifuged 
at 3000 rpm for 1 minute at 4ºC. The supernatant was decanted and the pellet subjected to 
lysis. For lysis of cells to release the proteins, 100 µl of T-PER reagent (BioRad, USA) 
and 1 µl of proteinase inhibitor (100 µl stock) was added to every 20 embryos and 
homogenized well with a hand-held homogenizer (Sigma, USA). The homogenized 
sample was then centrifuged at 10,000 rpm for 5 minutes. The supernatant containing the 
total protein was collected and stored at –80ºC until further use. 
2.3.2 Western blotting of protein samples 
2.3.2.1 Estimation of protein concentration 
 Concentration of the protein extracted from samples was estimated using Protein 
Assay Reagents (BioRad, USA). Initially the standard curve was plotted using different 
concentration of protein standards (say, 0.1µg/µl – 1.0µg/ml). 1 µl of a particular 
concentration standard was mixed well with 800 µl of sterile water and 200 µl of Protein 
Assay Dye Reagent concentrate (BioRad, USA) added and optical density read in a 
spectrophotometer at 595 nm. Graph was plotted with concentration of standard on X-axis 
and OD595 readings on the Y-axis. The samples were similarly mixed with 800 µl of sterile 
water and 200 µl of Protein Assay Dye Reagent concentrate and OD595 estimated. The 
corresponding protein concentration of the samples was estimated by extrapolating against 
the standard graph. In some cases, the protein samples were required to be concentrated 
because of low initial concentration. This was done using the Microcon Centrifugal filter 
devices (Amicon, Millipore). The samples to be concentrated was placed inside the inner 
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column and centrifuged at 4ºC for 5 minutes. The flow through was discarded and the 
protein eluted from the column using sterile water by centrifuging at 4ºC for 10 minutes. 
The samples can then be stored at –80ºC until further use. 
2.3.2.2   Preparation and running the gel 
  Protein samples were run on a vertical SDS-Polyacrylamide gel (Sodium Dodecyl 
Sulphate - Polyacrylamide). This gel has two parts – a top stacking and a bottom resolving 
gel. To begin with, the SDS-PAGE apparatus (BioRad, USA) was set up and loaded with 
required concentration of resolving gel to 80% of the plate height. The gel was then 
topped with 1ml of water-saturated iso-butanol. This was allowed to set for 30-60 
minutes. The iso-butanol was then poured off and the gel washed with 1M Tris-Glycine 
run buffer. The resolving gel was then topped with required concentration of stacking gel. 
The concentration of stacking and resolving gel used was based on the protocol specified 
in Current Protocols in Molecular Biology, Wiley Publications. The comb was inserted 
into the gel and allowed to solidify for 30-60 minutes. This gel can be stored for a short 
time at 4ºC by adding few drops of 1M Tris-Glycine to keep it moist and covering with 
parafilm.  
2X protein loading dye (For 1XSDS gel-loading buffer, mix 50mM Tris.Cl, pH 
6.8, 100mM dithiothreitol (DTT), 2% SDS (electrophoresis grade), 0.1% bromophenol 
blue, 10% glycerol. β-mercaptoethanol can be used instead of DTT at a final concentration 
of 0.5%) was mixed with 10X Bond-breakerTM TCEP solution (BioRad) in 10:1 
concentration. The protein samples were mixed with this mixture in 1:1 ratio. The samples 
were then denatured on boiling water bath for 2-3 minutes. The denatured samples were 
then loaded on the SDS-PAGE gel. Empty lanes on the gel were loaded with loading dye 
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alone. Broad range prestained SDS-PAGE standards (BioRad, USA) were also loaded to 
estimate the size of separated protein. The gel tray was filled with 1M Tris-Glycine 
electrophoresis buffer (25mM Tris, 250mM Glycine (pH 8.3, electrophoresis grade), 0.1% 
SDS). The gel was run at a constant current of 15 Amp until the bands reach the resolving 
gel, subsequently the current was increased to 20 Amp for 3-4 hrs until the dye run out 
into the buffer. The run was stopped and the gel removed for blotting.  
2.3.2.3         Western blotting 
To begin with, 1l of Towbin-SDS transfer buffer (25mM Tris, 192mM Glycine, 
20% Methanol, 0.1% SDS) was prepared. The gel was soaked in Towbin-SDS buffer for 
20 minutes. The western blotting apparatus (BioRad, USA) was set up. Filter papers were 
cut in the required dimensions and soaked in Towbin-SDS buffer. The nylon membrane 
(Sequi-BlotTM PVDF membrane 0.2µm, BioRad, USA) was cut to required size and 
soaked first in methanol and then in Towbin-SDS buffer. The blotting unit was stacked in 
the following order starting from negative side: filter pad, filter paper, gel, nylon 
membrane, filter paper and filter pad. The unit was filled with Towbin-SDS buffer to 
cover the entire blotting apparatus and run at constant voltage of 15V overnight at 4ºC. 
The blot was removed from the transfer apparatus and used for immunobloting. 
2.3.3     Immunoblotting with antibodies  
The blot was first blocked in blocking solution (10% milk powder in PBST) at 
room temperature for 1 hour or overnight at 4ºC. The primary antibody in required ratio 
was diluted in blocking solution and incubated with the blot at 4ºC overnight. The blot 
was then washed with PBST thrice for 15 minutes each. The blot was then incubated for 1 
hour at room temperature with secondary antibody diluted to required concentration with 
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blocking solution followed by three washes with PBST for 15 minutes each. Detection of 
the reaction was carried out using ECL Plus Western blotting detection system. 6 ml of 
solution A was added to every 150 ml of Solution B and mixed well. The blot was 
immersed in this mix for 5 minutes at dark. The membrane was then covered with plastic 
sheet and transferred to developing cassette. Chromogenic Film (BioMax ML, BML-1) 
was applied in dark room for few seconds to several hours depending on the intensity of 
reaction.  
2.4 Functional analyses  
2.4.1 Microinjection into embryos 
The samples for injection were prepared to different concentrations in respective 
buffers. Morpholino antisense RNAs were prepared in 1X Danieau solution (58 mM 
NaCl; 0.7 mM KCl; 0.4 mM MgSO4; 0.6 mM Ca(NO3)2; 5.0 mM pH 7.6 HEPES). Sense 
RNAs were prepared in sterile filtered water to required concentrations. The needles used 
for the microinjection were prepared using optimized conditions of heat and pull time for 
different purposes using the Sutter Micropipette puller P-97 (Sutter Instruments Co, 
USA). The conditions for normal injections into 1-2 cell embryos used were Pressure-500, 
heat-500/550, pull-150/150, velocity-100/100 and time-150/150. RNAs and antisense 
oligos were injected into the cytoplasm of 1-2 cell stage zebrafish embryos using 
Picoinjector PLI-100  (Medical Systems Corp, Greenvale, NY, USA) by placing the 
embryos under a dissection microscope (Olympus SZX12). Each embryo received the 
specific volume of the samples depending on the concentration of the sample. The injected 
embryos were reared in egg water (1ml of egg water contains 10% NaCl, 0.3% KCl, 0.4% 
CaCl2, 1.63% MgSO4.7H2O, 0.01% methylene blue, and 95 ml ddH2O). 
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2.4.2 Design of anti-sense morpholinos 
Anti-sense oligos or morpholinos have become an attractive method to specifically block 
gene function (Nasevicius and Ekker, 2000; Summerton and Weller, 1997). Design of an 
efficient antisense Morpholino required the careful consideration of certain criterias. The 
target sequence, approximately 25 bp for Morpholino should be located in the post-spliced 
mRNA in the region from the 5'cap to about 30 bp 3' to the AUG translational start 
site. This selected region should have little or no self-complementarity and preferably 
should not form more than 4 contiguous intrastrand base pairs. Using the criterias the 
morpholinos were designed and ordered from http://www.gene-tools.com. 
2.4.3 Animal cap assays and reaggregation experiments 
Zebrafish animal caps were isolated as reported by Sagerström et al. 1996, with 
minor modifications. Briefly, embryos at the 1- to 2-cell stage were injected with required 
construct or mRNA and left to develop until the late blastula stage (4 hpf). The caps were 
dissected avoiding yolk granules and incubated in a L15 Leibovitz medium (Sigma, USA) 
supplemented with 10% horse serum and antibiotic (100 U Penicillin-100 mg 
Streptomycin/ml; Gibco BRL, USA,) at 28°C and fixed at various stages. The caps were 
fixed in 4% PFA and analyzed by whole-mount in situ hybridization. 
For reaggregation experiment, the required constructs were injected into 1-2 cell 
zebrafish embryos and left to develop until the late blastula stage (4hpf). The caps were 
dissected avoiding yolk granules, disintegrated by pipetting and placed in Leibovitz-15 (L-
15) cell culture medium supplemented with Penicillin-Streptomycin antibiotic mix. The 
disassociated caps were grown in the L-15 medium overnight at 28ºC in cell culture 
incubator. Ideally, 30 caps were dissociated in 300 µl of L-15 medium.   
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III. RESULTS 
3.1 Characterization of zebrafish colIXα2 gene  
During screening for genes involved in axis specification by WISH, a gene 
intensely expressed in zebrafish axial tissues was identified. This cDNA clone was one of 
our embryonic EST clones (ES114) from a zebrafish embryonic cDNA library (Gong et 
al., 1997).  
3.1.1 Isolation of full length sequence of colIXα2 
The cDNA clone, ES114 in pBluescript SK (+/-) (Stratagene, USA) was 
sequenced completely and revealed an insert of 1293 bp, including 423 bp of partial 
coding region and 870 bp of 3’ untranslated region. The sequence was submitted for 
BLAST search against the Genbank database which revealed the highest sequence identity 
to genes encoding type IX Collagen alpha 2 (ColIXα2) from human, mouse and chicken 
with a 76 % similarity in amino acid level with human COLIXα2 (Perälä et al., 1993), 75 
% with chick ColIXα2 (Perälä et al., 1993) and 77% with mouse ColIXα2 (Perälä et al., 
1994). Thus the zebrafish cDNA clone likely codes for zebrafish ColIXα2.  
First round of 5’Rapid Amplification of cDNA Ends (RACE) with 5’RACE primer 
I (5’GGTTGTCCAGGATGTGGTC G-3’) (Fig. 3.1) resulted in isolation of a 900-bp 
fragment that did not reach to the 5’ end of the gene. Therefore, a second round of 5’ 
RACE with 5’RACE primer II (5’TTCCAGTTAGACCCTGAGC-3’) against the 5’end of 
the 900-bp fragment was performed (Fig. 3.1). This identified a fragment of 1500 bp that 
contained the start codon. These two fragments were cloned into pGEMT (Promega, 
USA) and pT7Blue (Novagen, USA) respectively (Fig.3-1). After sequencing analysis, the 
full length cDNA (3341 bp) was amplified by RTPCR from 24 hpf zebrafish total RNA 
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using a pair of primers ColIXFP-1 (5’- GGAGGAACCGTTGGATTTTGGATAG-3’) and 
ColIXRP-1 (5’- CTGACTTTCTCTCAGATGTTCCTAGG-3’) and cloned in pBK-CMV 
(Stratagene, USA) (Fig. 3.1). In addition to 398 bp of 5’ untranslated region and 870 bp of 
3’untranslated region, the full-length coding region consists of 2073 bp and codes 691 
amino acids (Fig. 3.1, 3.2). This clone displayed a high degree of homology to type IX 
collagen α2 (ColIXα2) and was 76% identical to human (Perälä et al., 1993), 74% to 
mouse (Perälä et al., 1994) and 75% to chick colIXα2 (Ninomiya et al., 1985) (Fig.3.3).  
3.1.2  Sequence features of zebrafish ColIXα2 
Similar to other vertebrate ColIXα2, the deduced zebrafish ColIXα2 is also 
comprised of long stretches of collagenous domains (COL1, COL2 and COL3) 
interspersed with 4 non-collagenous domains (NC1, NC2, NC3 and NC4). The 
collagenous domains can be easily distinguished from the non-collagenous domains owing 
to the distinct G-X-Y repeats (G=glycine, X= proline, Y = lysine) that is present only in 
the collagenous domains (Fig. 3.3). The sequence was submitted to the Genbank and the 
accession number is AY113700. 
Mouse ColIXα2 gene spans 16 kb from the transcription start site to the 
polyadenylation site. It contains about 20 exons and codes for an mRNA of ~3 kb which 
translates into a polypeptide of 688 amino acids (Perälä et al., 1994). Chick colIXα2 gene 
is more compact spanning approximately 10 kb and contains 32 exons. It codes for a 
mRNA of 2,031 bp that translates to a polypeptide of 677 amino acid residues (Ninomiya 
et al., 1985). Human COLIXα2 gene is about 15 kb, and it contains 33 exons and codes for 
a 2,831 bp mRNA and 689 amino acid residues (Pihlajamaa et al., 1998). Thus, there is 
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certain variation in the length of the ColIXα2 gene between vertebrates, despite almost 























5’RACE Primer I 
5’TTCCAGTTAGACCCTGAGC-3’ 
5’RACE Primer II 
colIXα2 part I (~900 bp) 
colIXα2 part II (~1500 bp) 
colIXα2 (3341 bp) 
Fig. 3.1. Schematic representation of the procedure of isolation and cloning of full 
length zebrafish colIXα2 cDNA clone by 5’-RACE-PCR. 
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1                                    AAAAGCTGGAGCTCGCGCGCCCGCAGGTCGACACTAGTGGATCCAAAG 
                                                Mapping Primer I 
49        AATTCGGCACGAGCTCAGGGGCTGGCTGTAGGGCTGGGTTACACCTCTCTCATTCCTCCCCTCAAGTCTCTGCCA 
 
124       CTGTATTTTTCTTCCCCGTCCTGGGCACAGCACACACGCTCACACACACCTCTCCTTTTTCCCTGAATCCACCAT 
           colIXα2MO2                                   ColIXFP-1 
323       CCTGGGCTGAGAAGCCAGGAGAGAGGGTGGCAAGGTTTGGAGGAACCGTTGGATTTTGGATAGTGAATCTTCACC 
                 Mapping Primer II                  colIXα2MO1 
 
398       ATGGCTGAGTTCTTCATCGTCCTCAGGAGTTTGGTTCTGCTGCAGGTCCTCTGCTTGGCCTTATCGCAAGTGACC 
1          M  A  E  F  F  I  V  L  R  S  L  V  L  L  Q  V  L  C  L  A  L  S  Q  V  T 
        
473       GGTCCACCCGGAGCTCAAGGCCCCGCTGGTTCCCCTGGTCCTGCTGGAACTCCCGGAGCCGACGGCATTGATGGT 
26         G  P  P  G  A  Q  G  P  A  G  S  P  G  P  A  G  T  P  G  A  D  G  I  D  G 
                                           
548       GAGAAGGGACCCCCTGGACCTCCTGGACCAAGAGGTCAAAAGGGAGAGTCGGGTGAGCCTGGGCCTGATGGACCC 
51         E  K  G  P  P  G  P  P  G  P  R  G  Q  K  G  E  S  G  E  P  G  P  D  G  P 
                      
623       CCGGGTGAAGATGGCATTGATGGTTTGATTGGGGCGAAAGGTGAGAGGGGTCCTCGTGGTAATCCTGGACCAAAG 
76         P  G  E  D  G  I  D  G  L  I  G  A  K  G  E  R  G  P  R  G  N  P  G  P  K  
                                                    
698       GGTCAACCAGGGCCTAGAGGACCAGCAGGACGACCTGGACCTGGACTGCCTGGACTTTCTGGAGCAACAGGACCC 
101        G  Q  P  G  P  R  G  P  A  G  R  P  G  P  G  L  P  G  L  S  G  A  T  G  P  
                        
773       ATTGGGCTTTCTGGACAAATTGGACCTACAGGACCCAAGGGTGTAATGGGAAAGTCCGGACCTTCAGGATTACCA 
126        I  G  L  S  G  Q  I  G  P  T  G  P  K  G  V  M  G  K  S  G  P  S  G  L  P   
                                  
848       GGAACTTCAGGCAAGCCTGGTCCACCAGGAAGTTTTGGGTCTAGAGAAAGCAGCGCCGACTTTCAGTGTCCAACC 
151        G  T  S  G  K  P  G  P  P  G  S  F  G  S  R  E  S  S  A  D  F  Q  C  P  T   
        
923       AACTGTCCTCCGGGACCAAAGGGTCCTCAGGGCTTGCAGGGAGTCAAGGGACACAAAGGTCGTTCTGGGGTGTTG 
176        N  C  P  P  G  P  K  G  P  Q  G  L  Q  G  V  K  G  H  K  G  R  S  G  V  L   
                            
998       GGAGATCCAGGAAGCATCGGAAAAACGGGTATATTAGGTGAAGTTGGCATCTCCGGTGAACAAGGGATCCCAGGC 
201        G  D  P  G  S  I  G  K  T  G  I  L  G  E  V  G  I  S  G  E  Q  G  I  P  G 
                                                           
1073      CCTCCAGGCCCTCAGGGTCTGAGAGGGTATCCAGGAATGGTGGGGCCAAAAGGCGAGACGGGACCACAAGGTTAT 
226        P  P  G  P  Q  G  L  R  G  Y  P  G  M  V  G  P  K  G  E  T  G  P  Q  G  Y   
                                      
1148      AAAGGAATTTTAGGACCAATCGGCATCCCTGGACGCCCTGGTGAAGAAGGACCCCAAGGACCACCTGGAGAGCCT 
251        K  G  I  L  G  P  I  G  I  P  G  R  P  G  E  E  G  P  Q  G  P  P  G  E  P  
                       
1223      GGTGACAAAGGAGACATGGGAGAGCGTGGTATCCGAGGGCCTCAGGGAGTGGTCGGAAAGAAGGGAGATAATGGA 
276        G  D  K  G  D  M  G  E  R  G  I  R  G  P  Q  G  V  V  G  K  K  G  D  N  G  
                                                        
1298      CTTCCAGGAATTGATGGAAAAGATGGCACTCCTGGCATCCCCGGGATAAAGGGTGCTGCAGGACAAAACGGAAGA 
301        L  P  G  I  D  G  K  D  G  T  P  G  I  P  G  I  K  G  A  A  G  Q  N  G  R  
                                                               
1373      CCTGGAGCTCCTGGCAATCAAGGAGATCCTGGTTTGCCTGGTATGCCTGGAGCCAAAGGTGAAGTGGGGGTTAAG 
326        P  G  A  P  G  N  Q  G  D  P  G  L  P  G  M  P  G  A  K  G  E  V  G  V  K  
                  
1448      GGTGAGACCGGACCCCGGGGTTTGATGGGAATGCAAGGATCCCCAGGACCGCAAGGAGAACCTGGTCCTCCAGGT 
351        G  E  T  G  P  R  G  L  M  G  M  Q  G  S  P  G  P  Q  G  E  P  G  P  P  G 
                                     
1523      GAAGCTGGCATGGAGGGAGTCCCGGGGGCAAAGGGTGACAGAGGTGAACGAGGACCAGTCGGCCCTGCTGGGGTT 
376        E  A  G  M  E  G  V  P  G  A  K  G  D  R  G  E  R  G  P  V  G  P  A  G  V 
                    
             5’RACE Primer II 
1598      ATTGGTTTGCCTGGCAGTAAAGGAGAAAGGGGGCCCATGGGGGTCCCAGGAGCTCAGGGTCTAACTGGAACTAAG 
401        I  G  L  P  G  S  K  G  E  R  G  P  M  G  V  P  G  A  Q  G  L  T  G  T  K 
                                        
1673      GGTGATAAGGGATTCCAAGGCAAAGTGGGATCAAAAGGAGACGTCGGTGATCCCGGTGTGGAGGGATTGGCTGGG 
426        G  D  K  G  F  Q  G  K  V  G  S  K  G  D  V  G  D  P  G  V  E  G  L  A  G   
                                   
1748      GAGAAAGGAGAGAAGGGACAGTCTGGGGAGCCTGGGCCTAAGGGACAGCAAGGTGTGACAGGTGATCAAGGGTCC 
451        E  K  G  E  K  G  Q  S  G  E  P  G  P  K  G  Q  Q  G  V  T  G  D  Q  G  S 
                                        
1823      AATGGGCCTACTGGAGATCCCGGTAAACCAGGAGACCAGGGTCCCGCAGGCTTACCTGGCCCACGTGGCCTTGGT 
476        N  G  P  T  G  D  P  G  K  P  G  D  Q  G  P  A  G  L  P  G  P  R  G  L  G  
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1898      GGAGAAAGAGGAATTCCAGGGATGCCAGGAATACAAGGACCAGTTGGTCGTGATGCTTCAGATCAACACATCATT 
501        G  E  R  G  I  P  G  M  P  G  I  Q  G  P  V  G  R  D  A  S  D  Q  H  I  I   
                                   
1973      GACGTGGTTCTGAAGATGCTTCAAGAGAGGTTAGCAGCAGTAGCAGTGAGTGCTAAAAAAGCCGTGCTGGGTTGG 
526        D  V  V  L  K  M  L  Q  E  R  L  A  A  V  A  V  S  A  K  K  A  V  L  G  W   
                  
2048      TTCGGCACGAGGGGACCTCCTGGTCCTCCAGGACCACCAGGGCCTCCTGGACCTCAAGGTCCTCATGGCCTGACA 
551        F  G  T  R  G  P  P  G  P  P  G  P  P  G  P  P  G  P  Q  G  P  H  G  L  T  
                                               
2123      GGTGGCCGTGGAATTCCCGGAATCATTGGTGCCCCAGGCCAGATAGGAAACACTGGGCTAAAAGGGAAGAGGGGT 
576        G  G  R  G  I  P  G  I  I  G  A  P  G  Q  I  G  N  T  G  L  K  G  K  R  G  
        5’RACE Primer I 
2198      GCTAAGGGAGAAAGGGGAGATCCTGGGCGACCACATCCTGGACAACCAGGACCACCTGGACTGCCAGGTCCTCCT 
601        A  K  G  E  R  G  D  P  G  R  P  H  P  G  Q  P  G  P  P  G  L  P  G  P  P 
                                       
2273      GGTCTTGATGGTGTGGCACGTGATGGTAGGCCAGGTGAGCGAGGACCTCAGGGGGCAGCAGGTGAGGCAGGCCGT 
626        G  L  D  G  V  A  R  D  G  R  P  G  E  R  G  P  Q  G  A  A  G  E  A  G  R   
                                         
2348      CCCGGAAAGGCTGGTCCTCCTGGTCTTCCTGGATTTTGTGAAGCAGCTGCTTGTTTGGCAGCCTCTGCCTACACT 
651        P  G  K  A  G  P  P  G  L  P  G  F  C  E  A  A  A  C  L  A  A  S  A  Y  T   
     
2423      TCTCCCAGACTACAAGAAGCGGGAACAGTGAAGGGCCCGTCCACTTAAATCAAGCCCCTCTACTGGGGCCTAGGA 
676        S  P  R  L  Q  E  A  G  T  V  K  G  P  S  T  *   
2498      ACATCTGAGAGAAAGTCAGAAAGAAATAAAGAGGGACAGAAGGCACACAAAAAGAGTGGCACACATGCCTTTTCT 
             ColIXRP-1 
2573      TCATTGGACAAATTGTGAGGGGGGAGGGAACAGCCGTTGACTGACATTTGTGTATTAGAAGTGTACATGAATGAA 
 
2648      TTGACATCTATGGAAAGCAAGTTTTACAGTAAGTTGGCCATGTTAGCTGCTGCTGCTCTGTCCCACCTCACAGTA 
                   RTPCR-F 
2723      CAGAGAGATGTGAGTATATTGCCAATGACATCACACCAACGGACCAGAAGAACTGCAAGAATGACAATCAAACAA 
 
2798      AGGTGCTGTTTTTGTTAGTGTTTCATTACCAATAAAAATGTATGCAAAGCTACTTTAATAATCAAAATCGATACC 
 
2873      TCATGTGGACATTTTGTTTTAAATGCATCTGATGATGCCAAGGTTTTTACATGCCAGGAAATTTCCCCATGATAC 
                  Mapping Primer III  
2948      TTCTTAGTTTGTACTGTGCCCGTCTCCGCCATGAAGAAGCGCCCTGATCTGTTCTTCTCATTGAGATGCCGACGT 
 
3023      TCTTCCATTAACGTTATCCTTGATTCCATGCTGTAAATCTTTGTAAATGTGTGTTAATTTTGTATGGACAGGGTG 
 
3098      GTTTTAGAATATAAAGCAGATCTAGGTTAATGAATTTAATCAGCAGTACTCAAACAATGCTCAGATTTCATCTGG 
 
3173      TGAATTAGAAACATGTACGCCAATTCCAAGTTACTTTGGGTTGTGTTCTTAGAGAAGAACTGATTATCTTCATTA 
                                              Mapping Primer IV/RTPCR-R 
3248      ACAAACTATTTATTGTTCTTTTTTTGTCTGTAAACTCAAGTTGTTTTGCCAGGTTGTTCAGGTTTACCCCAATCA 
 
3323      ATAAAAAGGAACGTTTTGTAAAACTCAAAAAAAAAAAAAAAAAAA 
 
 
Fig. 3.2. The complete nucleotide sequence of the zebrafish colIXα2 cDNA and 
deduced amino acid sequence. The position of nucleotides and amino acid residues are 
indicated on left side. The 3 collagenous domains, Col 1-3 (boxed regions) and the 4 non-
collagenous regions, NC 1-4 (underlined regions) are indicated on the right side. Primers 
for genome mapping (Mapping primers I-IV), 5’RACE (5’RACE primer I-II) and RT-
PCR (ColIXFP-1 and ColIXRP-1) are shown. The bold underlined regions 5’ of the start 
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Fig. 3.3. Amino acid sequence alignment of Zebrafish, Human, Mouse and Chick 
ColIXα2. the identical residues are indicated by asterisk. The collagenous (black with 
overhead line) and non-collagenous regions (bold with underline) are indicated. 
               NC4              _______________________________________________  
ZFish –MA EFF IVL RSL –VL LQV LCL ALS QVT GPP GAQ GPA GSP GPA GTP GAD GID GEK GPP GPP GPR   
Mouse –MT AVP A–P RSL FVL LQV LWL ALA QIR GPP GEP GPP GPP GPP GVP GSD GID GDK GPP GKV GPP                 
Human –MA AAT ASP RSL LVL LQV VVL ALA QIR GPP GER GPP GPP GPP GVP GSD GID GDN GPP GKA GPP 
Chick –MA AAT ASP RSL LVL LQV VVL ALA QIR GPP GER GPP GPP GPP GVP GSD GID GDN GPP GKA GPP 
       *          ***  ** ***   * **  *   *** *   **  * * **  * * * * *** *   *** *   **      
      _____________________________________     COL3     ________________________________ 
ZFish GQK GES GEP GPD GPP GED GID GLI GAK GER GPR GNP GPK GQP GPR GPA GRP GP- GLP GLS GAT  
Mouse GSK GEP GKP GPD GPD GKP GID GLM GAK GEP GPV GTP GVK GQP GLP GPP GLP GP- GFA GPP GPP 
Human GPK GEP GKA GPD GPD GKP GID GLT GAK GEP GPM GIP GVK GQP GLP GPP GLP GP- GFA GPP GPP 
Chick GPK GEP GKA GPD GPD GKP GID GLT GAK GEP GPM GIP GVK GQP GLP GPP GLP GP- GFA GPP GPP  
      * * **  *   *** **  *   *** **  *** **  **  * * * * *** *   **  * * **  *   *   *    
      __________________________________________________         NC3              _______ 
ZFish GPI GLS GQI GPT GPK GVM GKS GPS GLP GTS GKP GPP GSF GSR ESS ADF QCP TN- CPP GPK GPQ 
Mouse GPV GLP GEI GTP GPK GDP GPE GPS GPP GPP GKP GRP GTI QGL EGS ADF LCP TN- CPA GVK GPQ 
Human GPV GLP GEI GIR GPK GDP GPD GPS GPP GPP GKP GRP GTI QGL EGS ADF LCP TN- CPP GMK GPP 
Chick GPV GLP GEI GIR GPK GDP GPD GPS GPP GPP GKP GRP GTI QGL EGS ADF LCP TN- CPP GMK GPP  
       **  **  * * *   *** *   *   *** * * *   *** * * *       *** ***  ** **  **  * * **     
      ___________________________________________________________________________________ 
ZFish GLQ GVK GHK GRS GVL GDP GSI GKT GIL GEV GIS GEQ GIP GPP GPQ GLR GYP GMV GPK GET GPQ 
Mouse GLQ GVK GHP GKR GIL GDP GRQ GKP GPK GDV GAS GEQ GIP GPP GPQ GIR GYP GMA GPK GEM GPR   
Human GLQ GVK GHA GKR GIL GDP GHQ GKP GPK GDV GAS GEQ GIP GPP GPQ GIR GYP GMA GPK GET GPH  
Chick GLQ GVK GHA GKR GIL GDP GRQ GKP GPK GDV GAS GEQ GIP GPP GPQ GIR GYP GMA GPK GEM GPR  
      *** *** **  *   * * *** *   **  *   * * * * *** *** *** *** * * *** **  *** **  **   
      ___________________________________________________________________________________ 
ZFish GYK GIL GPI GIP GRP GEE GPQ GPP GEP GDK GDM GER GIR GPQ GVV GKK GDN GLP GID GKD GTP 
Mouse GYK GMV GSI GAA GPP GEE GPR GPP GEA GEK GDV GSQ GAR GPQ GIT GPK GIT GPP GID GKD GTP  
Human GYK GMV GAI GAT GPP GEE GPR GPP GRA GEK GDE GSP GIR GPQ GIT GPK GAT GPP GIN GKD GTP  
Chick GYK GMV GSI GAA GPP GEE GPR GPP GEA GEK GDV GSQ GAR GPQ GIT GPK GIT GPP GID GKD GTP   
      *** *   * * *   * * *** **  *** **  * * **  *   * * *** *   * * *   * * **  *** ***  
      ___________________________________________________________________________________ 
ZFish GIP GIK GAA GQN GRP GAP GNQ GDP GLP GMP GAK GEV GVK GET GPR GLM GMQ GSP GPQ GEP GPP 
Mouse GIP GMK GSA GQV GRP GSP GHQ GLA GVP GQP GTK GGP GDK GEP GQQ GLP GVS GPP GKE GEP GPR  
Human GTP GMK GSA GQA GQP GSP GHQ GLA GVP GQP GTK GGP GDQ GEP GPQ GLP GFS GPP GKE GEP GPR  
Chick GIP GMK GSA GQV GRP GSP GHQ GLA GVP GQP GTK GGP GDK GEP GQQ GLP GVS GPP GKE GEP GPR       
      * * * * * * **  * * * * * * *   * * * * * * *   *   **  *   **  *   * * *   *** ***  
      ______________________________________          COL2        _______________________    
ZFish GEX GME GVP GAK GDR GER GPV GPA GVI GLP GSK GER GPM GVP GAQ GLT GTK GDK GFQ GKV GSK 
Mouse GEI GPQ GIM GQK GDQ GER GPV GQP GPQ GRQ GPK GEQ GPP GIP GPQ GLP GIK GDK GSP GKT GPR  
Human GEI GPQ GIM GQK GDQ GER GPV GQP GPQ GRQ GPK GEQ GPP GIP GPQ GLP GVK GDK GSP GKT GPR  
Chick GEI GPQ GIM GQK GDQ GER GPV GQP GPQ GRA GPK GEQ GPP GIP GPQ GLP GVK GDK GSP GKT GPK   
      **  *   *   * * **  *** *** *   *   *   * * **  **  * * * * **  * * *** *   **  *   
      ___________________________________________________________________________________ 
ZFish GDV GDP GVE GLA GEK GEK GQS GEP GPK GQQ GVT GDQ GSN GPT GDP GKP GDQ GPA GLP GPR GLG 
Mouse GGV GDP GVA GLP GEK GEK GQS GEP GLK GQQ GVR GET GYP GPS GDI GAP GVQ GYP GLP GPR GLV  
Human GKV GDP GVA GLP GEK GEK GES GEP GPK GQQ GVR GEP GYP GPS GDA GAP GVQ GYP GPP GPR GLA   
Chick GST GDP GVH GLA GVK GEK GES GEP GPK GQQ GIQ GEL GFP GPS GDA GSP GVR GYP GPP GPR GLL  
      *   *** **  **  * * *** * * *** * * *** *   *   *   **  **  * * *   *   * * *** **  
      _______________________                  NC2                    ___________________ 
ZFish GER GIP GMP GIQ GPV GRD ASD QHI IDV VLK MLQ ERL AAV AVS AKK AVL GWF GTR GPP GPP GPP 
Mouse GDR GVP GQP GRQ GVV GRA ASD QHI VDV VLK MIQ EQL AEV AVS AKR EAL GAA GMV GLP GPP GPP  
Human GNR GVP GQP GRQ GVE GRD ATD QHI VDV ALK MLQ EQL AE– AVS AKR EAL GAV GMM GPP GPP GPP  
Chick GER GVP GMP GQR GVA GRD AGD QHI IDV VLK MMQ EQL AE- AVS AKR AAL GGV GAM GPP GPP GPP  
      * * * * * * *   *   **  * * ***  **  ** * * * * *   *** **    * *   *   * * *** ***  
       ___________________________________     COL1        _______________________________ 
ZFish GPP GPQ GPH GLT GGR GIP GII GAP GQI GNT GLK GKR GAK GER GDP GR- PHP GQP GPP GLP GPP 
Mouse GYP GKQ GPN GHP GPR GIP GIV GAV GQI GNT GPK GKR GEK GDR GEM GH- GHP GMP GPP GIP GLP   
Human GYP GKQ GPH GHP GPR GVP GIV GAV GQI GNT GPK GKR GEK GDP GEV GR- GHP GMP GPP GIP GLP  
Chick GPP GEQ GLH GPM GPR GVP GLL GAA GQI GNI GPK GKR GEK GER GDT GR- GHP GMP GPP GIP GLP  
      * * * * *   *   * * * * *   **  *** *** * * *** * * * * *   *    ** * * *** * * * *  
       __________________________________________________                NC1 
ZFish GLD GVA RD- GRP GER GPQ GAA GEA GRP GKA GPP GLP GFC EAAACLAASAYTSPRLQEAGTVKGPST* 
Mouse GRP GQA IN- GKD GDR GSP GAP GEA GRP GRP GPV GLP GFC EPAACLGASAYTSARLTEPGSIKGP 
Human GRP GQA IN- GKD GDR GSP GAP GEA GRP GLP GPV GLP GFC EPAACLGASAYASARLTEPG-IKGP  
Chick GIP GHA LD- GKD GER GPP GVP GDA GRP GSP GPA GLP GFC EPAACLGALPTPRHG 
      *   * *   * *   * * *   *   * * *** *   **  *** *** ******         * * *  *** 
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3.1.3 Phylogenetic analyses of FACIT collagens 
Phylogenetic analysis was performed to explore the relationship between all the 
known vertebrate collagen genes belonging to the FACIT collagen family. The amino acid 
sequences from the NC4 and COL1 comprising about 646 amino acids were analyzed by 
the phylogenetic program PAUP 3.1. As shown in Fig. 3.4, there are four members in the 
FACIT family namely collagen IX, collagen XII, collagen XIV and collagen XIX. The 
sequence of three chains of type IX collagen namely ColIXα1, ColIXα2, ColIXα3 were 
available from human, mouse and chick. From the analysis, these three chains were 
grouped into three major clusters: ColIXα1, ColIXα2 and ColIXα3 (Fig. 3.4). The 
zebrafish ColIXα2 was most closely related to the other known vertebrate ColIXα2 


























Fig. 3.4. Phylogenetic tree of FACIT family comprising of chains of collagen IX, collagen
XII, collagen XIV and collagen XIX. Species abbreviations prefixing to the protein names
are: c, chicken; h, human; m, mouse and z, zebrafish. The sequences were obtained from 
GenBank and their access numbers are: c-ColIXα1: M28662, c-ColIXα2: S23296, c-
ColIXα3: S20819, c-ColXIIα1: P13944, c-ColXIVα1: S31211, h-COLIXα1: S13580, h-
COLIXα2: M95610, h-COLIXα3: NP_001844, h-COLXIXα1: JX0369, h-COLXIIα1: 
Q99715, m-ColIXα1: S40495, m-ColIXα2: NP_031767, m-colIXα3: AAL56219, m-
ColXIIα1: Q60847, m-ColXIXα1: XP_192883.  
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3.1.4 Genomic mapping and synteny analyses 
The genomic locus of zebrafish colIXα2 was determined using the Goodfellow 
T51 zebrafish-hamster somatic cell radiation hybrid panel (RH) panel (Research Genetics, 
USA) (Kwok et al., 1998; Geisler et al., 1999). Two sets of primers were used for 
mapping (as shown in Fig. 3.2). The first set of primers designed from the 5’UTR region 
included Mapping primer I from 83-108 nt (5’TGGGTTACACCTCTCTCATTCCTCC-
3’) and Mapping primer II from 400-425 nt (5’ GGCTGAGTTCTTCATCGTCCTCAGG-
3’). The second set of primers from the 3’UTR region included Mapping primer III from 
2927-2950 nt (5’GTTTGTACTGTGCCCGTCTCC GC-3’) and Mapping primer IV from 
3257-3282 nt (5’CAAGTTGTTTTGCCAGGTTGTTCAG-3’). 94 hybrids were screened 
by PCR in triplicates and results submitted online to the Tuebingen Zebrafish Genome 
Map website at http://wwwmap.tuebingen.mpg.de. The zebrafish colIXα2 was mapped to 
linkage group (LG) 19 between 44.1 and 50.0 cM from the top (Fig. 3.5A) by both sets of 
primers. To date, there is no known mutant mapped to this region. ColIXα2 genes of 
human and mouse have been mapped to chromosome 1 (1p32.3-p33) and 4, respectively 
(Warman et al., 1994).  
To determine the syntenic relationship, ESTs mapped to LG19 close to colIXα2 
were examined and an EST (fb34b01) coding for interleukin enhancer binding factor 2 
(ilf2) was identified close to the map position of colIXα2. In human, COLIXα2 is located 
in chromosome I, which also contained Ilf2 in a nearby locus 
(http://www.ncbi.nih.gov/genome/guide/human). In mouse, ColIXα2 has been mapped to 
chromosome 4 also near Ilf2  (http://www.ncbi.nih.gov/genome/guide/mouse).  Based on 
genetic mapping and analysis, the region containing colIXα2 on zebrafish LG19 might be 
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syntenic to the chromosomal regions containing colIXα2 in human chromosome 1 and 
mouse chromosome 4 (Fig 3.5B). Similarly, several markers found on linkage group 19, 
namely, Endothelin precursor (edn2), Opoid receptor (oprd), Histone deacetylase (hdac), 
Type IX Collagen alpha 2 (colIXα2) and Interleukin enhancer-binding factor (ilf2) had 
their homologs in chromosome 1 and chromosome 4 of human and mouse respectively. 
This observation is consistent with the observations made by Woods et al. (2000). 
However, some chromosomal rearrangement might have occurred during evolution on this 
linkage group. Several markers in the linkage group 19, namely, Retinoid X responsive 
element (rxre), No-tail (ntl) and Casein kinase 2 beta (csnk2b), have their human and 
mouse homologs on human chromosome 6 and mouse chromosome 17, respectively (Fig. 
3.5C). This observation complies with the relatively frequent occurrence of inversions and 
other intra-chromosomal rearrangements observed by Woods et al. (2000).  
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Fig. 3.5. Mapping of colIXα2. (A) colIXα2 was mapped to LG19 (44.1-50.0 cM) using T51 
radiation hybrid panel (Research Genetics, USA) (Kwok et al., 1998; Geisler et al., 1999).
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Fig. 3.5. Mapping of colIXα2. (B) Conserved synteny of zebrafish, mouse and human
chromosomes containing colIXα2 genes. The apparent orthologs are aligned in the same
column. (C). Syntenic relationship between zebrafish linkage group LG19, human 
chromosome 1 and mouse chromosome 4 and human chromosome 6 and mouse
chromosome 17 showing chromosomal rearrangement and shuffling. The genes adjacent to
colIXα2 on LG19 are conserved on chromosome 1 of human and 4 of mouse. 
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3.2 Expression analysis of colIXα2 in zebrafish by RT-PCR 
An analysis of expression of colIXα2 transcripts in zebrafish was performed by 
one-step Reverse Transcriptase – Polymerase Chain Reaction (RT-PCR) using the gene-
specific primers, namely RTPCR-F and RTPCR-R (Fig. 3.2) on total RNAs extracted 
from adult zebrafish and embryos at different stages of development. The transcripts of 
colIXα2 were detected earliest by 6hpf (shield), suggesting an early role of colIXα2 






Fig. 3.6. RT-PCR analysis of colIXα2 mRNAs in different stages of zebrafish 
development. RT-PCR was performed using colIXα2 specific primers. α-actin was 
used as a positive control for RNA loading and amplified using specific primers.
Developmental stages representing periods of gastrulation (4 h - 10h), somitogenesis 
(11h - 36h), post-hatching (72h) and adult are indicated at the top of the panel. 
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3.3 Expression analyses of colIXα2 in embryonic zebrafish by WISH. 
3.3.1 Expression of colIXα2 during segmentation period (10.3 – 36 hpf). 
The spatial and temporal distribution of transcripts of colIXα2 during early 
embryogenesis of zebrafish was analysed by whole mount in situ hybridization (WISH).  
Expression of colIXα2 was detected after the end of gastrulation at one-somite 
stage (10.3 hpf) in the posterior region of the neural keel corresponding to the floor plate 
where more than one cell layer expressed this gene (Fig.3.7A, B). By 11 hpf the 
transcripts were detected anteriorly in the notochord and posteriorly in the floorplate (Fig.  
3.7C), confirming that the early expression was initiated in the floorplate. Subsequently, 
an expression in axial structures became more prominent from 18 hpf to 24 hpf (Fig. 3.7 
D-I). A detailed analysis of expression in the tail bud region at 24 hpf (Fig. 3.7H) revealed 
that expression of colIXα2 was absent in the region of notochordal bulb, suggesting that at 
this level, colIXα2 expression was present only in the early floor plate and the hypochord. 
Expression in the hypochord was very irregular with more profound expression near the 
tail bud region (Fig. 3.7H) and gaps in the expression in the mid tail region (Fig. 3.7G). 
Posteriorly, only the medial floor plate (MFP) consisting of 1-2 cells is present (Odenthal 
and Nüsslein-Volhard, 1998). The observation that colIXα2 transcripts are only detected 
in 1-2 cells in the cross sections of embryos at this level (Fig. 3.7I) strongly supports the 
notion that colIXα2 is expressed only in the MFP.  
In the tail bud, formation of the axial structures continues throughout the period of 
segmentation. Hence, the most posterior axial structures in the tail bud are the earliest 
ones to form (Kanki and Ho, 1997; Dheen et al., 1999). At these stages, the temporal order 
of initiation of expression in posterior axial structures was as follows: the floor plate, the 
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hypochord and the notochord (Fig. 3.7H). Until 24hpf, colIXα2 transcripts were detected 
throughout the axial structures, but the floor plate and hypochord expression domains 
extended more posteriorly than the expression in notochord precursors. Thus, it seems that 
expression of colIXα2 in the floor plate appears earlier than that in the hypochord, which 
in turn appeared earlier than that in the notochord. During early and mid-segmentation 
stage, colIXα2 transcripts appear in the most posterior floor plate and hypochord.  
Until 30 hpf, the expression in the floor plate and hypochord was very strong. 
From 30 hpf onwards the expression in the posterior floor plate and hypochord reduced 
(Fig. 3.7 J, K). colIXα2 transcripts in the notochord diminished anteriorly while most 
transcripts were found near the tail bud region. At the same time the expression in the 
floor plate and hypochord was no longer found in the tailbud. Instead, it was found much 
more anteriorly and at reduced expression level (Fig. 3.7 J, K). 
Therefore, colIXα2 is expressed in early floor plate cells. Since expression of 
colIXα2 was first initiated in the early floor plate and hypochord followed by that in the 
notochord, this temporal schedule of gene expression differed from other markers 
associated with the midline signaling, such as shh, axial, colIIα1, twhh (Krauss et al., 
1993; Strähle et al., 1993; Ekker et al., 1995; Yan et al., 1995).  To our knowledge, 
colIXα2 is the only gene with such temporal expression pattern. Characteristic expression 
raises a number of questions about a developmental mechanism involved in regulation of 
expression of this gene in axial structures. It could be particularly useful to study 
segregation of lineages of precursors of the floor plate and hypochord from notochordal 



















colIXα2       10.3hpf (1 som)           cross colIXα2                  11hpf (3 som)
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colIXα2 lateral       18hpf                colIXα2 lateral           24hpf
Fig. 3.7. colIXα2 expression in early development of zebrafish. 
Distribution of colIXα2 mRNA during early development (segmentation period) of 
zebrafish embryos. Anterior is towards the left. Stages in hours post fertilization (hpf). 
The probe used is indicated in each panel. (A, C, D, E, F, G, H, J, K) lateral views; (A, 
F, G, H, J, K) lateral view of tail; (I) Cross section of (H); (G) cross section of (F).  
colIXα2 is expressed in floor plate initially (A, B) and then appears in notochord and 
hypochord (C-K). Note that the floorplate expression goes more posterior to that of 
notochord and hypochord (block arrow, H). Abbreviations: fp - floor plate, hc -
hypochord, nc – notochord. Scale bar, 100µm. 97
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3.3.2  Expression of colIXα2 during post-segmentation period (>36 hpf). 
During the post-segmentation period, the expression of colIXα2 appeared in non-
axial structures, including the branchial arches, ears and eyes, which correlated with 
appearance of lineages of these organs (Haddon and Lewis, 1996). By 36 hpf, the 
expression in axial structures was reduced (Fig. 3.8 A, D, E) and the expression in the eye, 
ear and perinotochordal matrix increased (Fig. 3.8B, C, F, G, H). At 36 hpf a low level of 
expression was detected in the eyes (Fig. 3.8 B, F, G) and more posteriorly, at the level of 
the hindbrain, in the perinotochordal matrix (Fig. 3.8 B, C, F). The latter expression 
domain is probably associated with formation of the vertebral column. colIXα2 expression 
in this region is likely to be associated with structural changes in organisation of tissue in 
this area due to appearance of the bone matrix (Ekanayake and Hall, 1988).  
By 72 hpf, the expression in the head region increased in the pharyngeal arches, 
pectoral fins and eye (Fig. 3.9 A-E). The initial weak expression in the eye (Fig. 3.8A-B, 
F-G) later on by 72 hpf increased in the ciliary body (Fig. 3.9A-C, F) and in the cornea, 
where it probably defined the collagen-rich substantia propria just outside the pigmented 
epithelium (Fig. 3.9 F). In the ears, the expression was detected outside of the otic capsule 
close to the anterior and posterior macula (Fig.3.8H, block arrows) and the inner layer of 
the otic capsule in position of the primordium of semicircular canal system (arrow, Fig. 
3.8H, Fig. 3.9D). Several elements of pharyngeal arches, including the Meckel’s cartilage 
(Fig. 3.9 B, C) expressed colIXα2. Additionally, the expression was found dorsal to the 
pharyngeal arches in the neurocranium (Fig. 3.9 B, C). Thus, several domains of the 





















colIXα2       head dorsal        colIXα2 eye colIXα2         ear       36hpf
A
D E
colIXα2 posterior mid      36hpf colIXα2 posterior tail       36hpf
Fig. 3.8. colIXα2 expression in later development of zebrafish. 
Distribution of colIXα2 mRNA during later development (segmentation period) of 
zebrafish embryos. Anterior is towards the left. Stages in hours post fertilization (hpf). 
The probe used is indicated in each panel. (A, B, D, E, H) lateral views; (D, E) lateral 
view of tail; (C) Cross section of (B); dorsal view of head (F), lateral view of eye 
removed from embryo (G); lateral view of ear (H). colIXα2 expression in non-axial 
tissues like ear, eye and perinotochordal matrix starts appearing at this stage apart 
from the expression in axial tissues. Abbreviations: cnh - chordo-neural hinge, ey –
eye, fp - floor plate, hc - hypochord, ma – anterior maculae, mp – posterior maculae,
nc - notochord, pm - perinotochordal matrix, psc – primordium of semicircular canal 





















colIXα2 cross eye cross ear cross        72hpf 
pe
F ey
colIXα2 cross - eye 72hpf
colIXα2 head lateral     72 hpf        colIXα2       head ventral 72hpf 
Fig. 3.9. colIXα2 expresses strongly in the anterior regions of late stage zebrafish.
Distribution of colIXα2 mRNA during later development (post-segmentation period) 
of zebrafish embryos. Anterior is towards the left (A, B) and towards the top in cross 
sections (C, D, E). Stage in hours post fertilization (hpf).  (A) lateral view; (B) ventral 
view; (C, D, E) different levels of cross section of (A); (F) higher magnified view of 
boxed region in (C). colIXα2 expression in anterior region of pharyngeal arches, 
pectoral fins and eye at 72hpf. Abbreviations: cb – ciliary body, ey – eye,  he –
hindbrain epithelium, mc – Meckel’s cartilage, nu – neurocranium, pa – pharyngeal 
arches, pe – pigmented epithelium, pf – pectoral fin, psc – primordium of semicircular 
canal system, sp – substantia propria. Scale bar, 100µm.
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3.4 Expression analyses of colIXα1 and colIXα3 in embryonic zebrafish 
Zebrafish type IX collagen contains two other chains, ColIXα1 and ColIXα3. It 
has been suggested that synthesis of all three subunits of type IX collagen is required for 
the formation of a functional collagen (Hagg et al., 1997). Hence, we compared expression 
of colIXα1 and colIXα3 with that of colIXα2. The EST clones encoding ColIXα1 and 
ColIXα3 were identified in EST database at Washington University zebrafish genome 
resources and obtained from RZPD, Institute of Molecular Genetics, Berlin, Germany. 
The expression pattern of these genes during early development of zebrafish was 
identified by whole-mount in situ hybridization (WISH).  
Expression of colIXα1 mRNAs appeared very weak in the notochord at one-somite 
stage (10.3 hpf) and increased by 12 hpf (Fig. 3.10A). The expression in the notochord 
became stronger with development and by 18 hpf, low expression was also detected in the 
floor plate (Fig. 3.10 B). The expression in the notochord, floor plate and hypochord was 
at its highest at 24 hpf (Fig. 3.10 C). At this stage, it can be seen that expression in the 
notochord extended more posteriorly in the tail bud but when compared to the floor plate 
and hypochord. However, the expression was not detected in the region of chordo-neural 
hinge (Fig. 3.10 C). With development the expression in these axial structures got weaker. 
At 42 hpf, during the post-segmentation period, the transcripts in the posterior part of 
floorplate and hypochord disappeared (Fig. 3.10 D) and only faint expression was 
observed in the anterior tail. The notochord expression also showed a slow trend of 
reduction in an anterior-posterior fashion (Fig. 3.10 D). Apart from the expression in the 
axial structures, expression of colIXα1 was also detected in the eye (Fig. 3.10 E, F) and 
ear (Fig. 3.10 G). 
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Similarly, expression of colIXα3 mRNAs was first detected at one-somite stage at 
very low level in the notochord and showed an increasing trend from 18-24 hpf (Fig. 3.11 
A, B). The strongest expression was visible at 24 hpf in the notochord, floor plate and 
hypochord (Fig. 3.11 B). The two other collagen IX genes, colIXα3 mRNAs were detected 
in precursors of the notochord within the chordo-neural hinge (Fig. 3.11 B). colIXα3 was 
expressed in the notochord more posteriorly than other axial structures. After 
segmentation, the transcripts in the axial structures were reduced remarkably, similar to 
colIXα1 (Fig. 3.11 C, D). In addition, non-axial expression of colIXα3 was detected in the 
perinotochordal matrix, mandibular mesenchyme and ear (Fig. 3.11 E, F).  
The expression profile of the three genes encoding chains of collagen IX during 
segmentation and post-segmentation period was compared between themselves and to the 
expression of zebrafish colIIα1 which is known to express in axial structures (Yan et al., 
1995). A schematic overview showed that the expression of the three collagen IX genes in 
the tail bud region are very different from each other. In addition, colIXα2 and colIXα3 
expression is different from colIIα1 (Fig. 3-12). Firstly, colIXα1 and colIIα1 have similar 
expression pattern in the tail bud region and both are expressed in the notochord, floor 
plate and hypochord but not in the chordo-neural hinge. Secondly, colIXα2 demonstrates a 
very characteristic expression in the precursors of floor plate and hypochord. Thirdly, 
colIXα3 is expressed in the precursors of notochord in the chordo-neural hinge region. 
The differential expression of zebrafish genes encoding three polypeptides of Collagen IX 
demonstrates that the precursors of the notochord, floor plate and hypochord occupy 
distinct regions of the tail bud. This might indicate a differential regulation of these genes 
especially in the precursor population of axial structures. In addition, there might be a 
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distinct requirement in products of these genes during early stages of specification of 
precursor cells of axial structures. This differential expression also could be important 
indicator of initiation of separation of early lineages of these structures. Since colIXα2 
was expressed in the precursor cells of the floor plate we decided to study a developmental 
role of this gene in more detail.  
colIXα1               lateral 12hpf         colIXα1     posterior lateral 18hpf
















colIXα1   lateral/eye 24hpf eye 42hpf lateral/ear 42hpf
Fig. 3.10. colIXα1 expression during early development of zebrafish.
Distribution of colIXα1 mRNA during early development of zebrafish embryos. 
Anterior is towards the left and dorsal to the top. Stages in hours post fertilization 
(hpf). The probe used is indicated in each panel. (A, B, C, D, E, G) lateral views; (B, 
C, D) lateral views of posterior tail near chordo-neural hinge; (E) lateral view of eye; 
(F) dorsal view of the eye; (G) lateral view of ear. colIXα1 is expressed in notochord 
floor plate initially (A, B) and then appears in floor plate and hypochord (C). Floor 
plate and hypochord expression from posterior tail disappears by 42hpf (post-
segmentation period) (D). Note that the notochord expression goes more posterior to 
that of floor plate and hypochord (C). Expression also visible in eye and ear (E-G). 
Abbreviations: fp - floor plate, hc - hypochord, nc – notochord. Scale bar, 100µm.
104
colIXα3 posterior lateral 18hpf colIXα3 posterior lateral 24hpf
colIXα3 mid lateral            42hpf       colIXα3 posterior lateral     42hpf





















Fig. 3.11. colIXα3 expression during early development of zebrafish.
Distribution of colIXα3 mRNA during early development of zebrafish embryos. 
Anterior is towards the left and dorsal to the top. Stages in hours post fertilization 
(hpf). The probe used is indicated in each panel. (A, B, C, D, E) lateral views; (A, B, 
D) lateral views of posterior tail near chordo-neural hinge; (C) lateral view of 
posterior tail anterior to chordo-neural hinge. (F) ventral view of head. colIXα3 is 
expressed in notochord initially and then appears in floor plate and hypochord (B).
Transcipts are also visible in chordo-neural hinge (B). Floor plate and hypochord 
expression from posterior tail disappears by 42hpf (post-segmentation period) (D) 
however still persists in the anterior tail (C). Expression is also visible in mandibular
mesenchyme, perinotochordal matrix and ear (E, F). Abbreviations: ea – ear, fp - floor 
plate, hc - hypochord, mm – mandibular mesenchyme, nc – notochord, pm –
perinotochordal matrix. Scale bar, 100µm. 
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Segmentation (10.3hpf-30hpf)   
colIXα1 colIXα2 colIXα3A B C
Segmentation / colIIα1            Post-segmentation (>30hpf) / colIXα1,2,3; colIIα1
E F
Notochord cells without expression
Hypochord cells without expression
Floor plate cells without expression
Chordo-neural hinge cells without 
expression
Floor plate cells with expression
Notochord cells with expression
Hypochord cells with expression
Chordo-neural hinge cells with expression
Fig. 3.12. Schematic representation of expression profile exhibited by three 
chains of zebrafish type IX collagen and type II collagen alpha 1 in the tail 
bud during segmentation and post-segmentation period.
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3.5  Functional analysis of colIXα2 using anti-sense morpholino oligonucleotides 
3.5.1 Classification of phenotypical abnormalities in embryos caused by inhibition 
of translation of colIXα2.  
To understand the role of colIXα2 during zebrafish development we applied the 
loss-of-function (LOF) analysis based on antisense morpholino oligonucleotides (MO) 
(Nasevicius and Ekker, 2000). To ensure the specificity of morpholino oligonucleotide in 
inhibiting ColIXα2, certain controls were adopted as recommended (Heasman, 2002). 
Overexpression of ColIXα2 and rescue of LOF phenotype was inconclusive since 
overexpression of colIXα2 RNA caused non-specific effects on general development of 
the embryo. Hence, the morpholino specificity was supported by using two morpholinos 
complementary to different parts of the 5’UTR and by western blotting with specific 
antibody to show the reduction or loss of protein.  
Two anti-sense morpholino oligonucleotidees were designed namely, MO1 (5’ 
GGAGGAACCGTTGGATTTTGGATAG located at –37 nt to –12 nt from ATG) and 
MO2 (5’ GTCTCTGCCACTGTATTTTTCTTCC located at –160 nt to –135 nt from 
ATG) (Fig. 3.2). Injections of MO1 and MO2 gave similar phenotypes (discussed below), 
which confirmed the specificity of anti-ColIXα2 morpholino. All the future experiments 
to evaluate effects of inhibition of ColIXα2 was done using MO1 injections. A control 
morpholino oligonucleotide containing four base pair mismatch was also injected to one-
cell stage embryos and did not show any defect.  
Further, the specificity of inhibition of ColIXα2 translation was confirmed by 
western blotting using anti-human ColIXα2 antibody, which fortuitously cross-reacted 
with the zebrafish ColIXα2. The anti-ColIXα2 antibody raised in rabbit is very specific to 
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human ColIXα2 (Linsenmayer et al., 1991; Mendler et al., 1989) and was designed 
against a peptide sequence from the NC2 domain (Calbiochem Immunochemicals, USA). 
The NC2 domain of human ColIXα2 (ATDQHIVDVALKMLQEQLAEVAVSAKRAAL) 
has 77% (23/30 amino acid) similarity with the NC2 domain of zebrafish ColIXα2. The 
underlined amino acid residues indicate the differences when compared to the same region 
of the zebrafish ColIXα2. Comparison of NC2 domain of human ColIXα1 and ColIXα3 
against human ColIXα2 indicate 49% (15/31 amino acid) and 32% (10/31 amino acid) 
homology respectively which is comparatively low ruling out possibilities of cross 
hybridization with ColIXα1 or ColIXα3 protein. Proteins from the control and injected 
embryos were extracted and loaded on a 10% stacking - 5% resolving SDS gel and stained 
with Coomassie Blue stain to reveal a protein profile (Fig. 3.13 I). Immunoblotting using 
human anti-COLIXα2 antibody showed that the ColIXα2 protein level was progressively 
reduced with increase of concentration of MO1 from 0.5 pmol to 1 pmol (Fig. 3.13 I, II). 
Thus, the anti-ColIXα2 MO used in this study is an effective and specific reagent to 
inhibit translation of ColIXα2 for further functional studies.  
For translation inhibition of colIXα2, various doses (0.5 pmol to 2.0 pmol) of anti-
colIXα2MO (MO1) were injected into zebrafish embryos of 1-2 cell stage and their 
development was monitored. The inhibition of ColIXα2 resulted in mild to severe 
phenotype depending on the dose of injection. The phenotypes obtained were classified 
according to the degree of severity of defects into three types: Type I, Type II and Type 
III.  As shown in the Table 3.1, injection of 0.5 pmol MO1 resulted in a high percentage of 
embryos with the mildest Type I phenotype. However, with increase in dose of injections 
to 1 pmol, higher percentage of embryos showed the more severe Type II phenotype (25% 
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and above). With highest dose of 2 pmol of injected MO1, majority of the embryos 
exhibited Type II and III phenotypes.  
Before the shield stage, injected embryos appeared normal. At the shield stage, the 
rate of epiboly of the injected embryos slowed down (Fig. 3.13 IIIC, E, G) compared to 
controls (Fig. 3.13 IIIA). By the end of gastrulation, the severity of phenotypes became 
more apparent and by 12 hpf embryos had acquired an abnormal shape (not shown). 
Segmentation was affected and the somite pattern appeared abnormal. The head appeared 
abnormal featuring some loose cells on the surface (“peacock” phenotype) (Fig. 3.13 IIID, 
F, arrow).  Type I phenotype was the mildest one (Fig. 3-13 IIIC, D). When compared to 
control uninjected embryos, the Type I phenotype embryos had a developmental delay of 
at least one hour. This phenotype is most prevalent (almost 100%) in embryos injected 
with the lowest dose of 0.5 pmol MO1 (Table 3-1). Type II phenotype was more severe 
and embryos were more than two hours developmentally delayed compared to controls 
(Fig. 3.13 IIIE, F). The rate of epiboly was considerably slowed down and embryos 
appeared abnormal at shield stage. There were loose cells on the surface of embryo 
(arrow, Fig. 3.8, IIIF) suggesting that cell adhesion was affected. The somites looked 
abnormal in shape and structure. The head was severely affected and reduced.  This 
phenotype was observed in approximately 25% of abnormal embryos after injection of 
1pmol MO1 (Table 3.1). Type III phenotype was the most severe (Fig. 3.13 IIIG, H). The 
development was arrested. Embryos did not undergo gastrulation. Approximately 23-32% 
of the abnormal embryos exhibited this phenotype after injection of 2 pmol MO1 (Table 
3.1). Among three phenotypes, the Type I was most prevalent and readable.  Hence, 
embryos of this type were used in all experiments aiming to determine the morphological 
and developmental effects of blocking colIXα2 translation.   
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Table 3.1. Phenotypes obtained after injection of antisense morpholino 
oligonucleotides against colIXα2 in embryonic zebrafish 
 
 
Concentration  Shield 12 som 
Total 216 194 
Dead 20 13 
Alive (% of total) 196 (90.7%) 181 (93.2%) 
Total abnormal (% of alive) 99 (50.5%) 98 (54.1%) 




Type II (% of total abnormal) 0 0 
 Type III (% of total abnormal) 0 0 
Total 259 232 
Dead 23 25 
Alive  236 (91.1%) 207 (89.2%) 
Total abnormal (% of alive) 187 (79.2%) 181 (87.4%) 




Type II (% of total abnormal) 47 (25.2%) 46 (25.4%) 
 Type III (% of total abnormal) 0 0 
Total 157 128 
Dead 27 13 
Alive  130 (82.8%) 115 (89.8%) 
Total abnormal (% of alive) 72 (55.4%) 68 (59.1%) 
Type I (% of total abnormal) 12 (16.6%) 21 (30.8%) 
 
2 pmol anti- 
colIXα2MO 
Type II (% of total abnormal) 37 (51.4%) 31 (45.5%) 
 Type III (% of total abnormal) 23 (32.0%) 16 (23.7%) 
 
Note: Criteria for defining Types: 
Type I:  At shield stage embryos with developmental delay of 1 hr 
  At 12-somite stage embryos with somite defects and some loose cells on surface   
Type II: At shield stage embryos with developmental delay of 2 hrs or more 
   At 12-somite stage embryos with severe somite defects and “peacock” phenotype 
Type III: Embryos that do not develop to gastrulation stage 
II














Fig. 3.13. Translation inhibition of colIXα2 affects early development of zebrafish. 
Inhibition of colIXα2 translation by injection of various concentrations of anti-sense MO 
oligos caused reduction in protein levels and abnormal phenotypes that could be classified 
into three Types depending on their severity. (I) Coomassie stained SDS protein gel 
profile; (II) corresponding immunoblot using human anti-COLIXa2 antibody. Lane 1-
control protein extracted from embryos at the shield stage, lane 2-protein from shield stage 
embryos injected with 0.5pmol anti-colIXα2 MO, lane 3- protein from shield stage 
embryos injected with 1pmol anti-colIXα2 MO. (IIIA, B) Control uninjected; (IIIC, D) 
Type I;  (IIIE, F) Type II;  (IIIG, H) Type III. Scale bar, 100µm
G H
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3.5.2 Inhibition of colIXα2 caused defects in various cell populations  
The effect of anti-colIXα2 MO on early development of zebrafish embryos was 
analyzed by in situ hybridization with various tissue-specific gene markers. It was 
observed that inhibition of colIXα2 not only affected integrity and organization of axial 
mesoderm but also affected adjacent tissues such as somites and neural crest close to axial 
mesoderm. The following sections aim to explain and understand these direct and indirect 
effects from inhibition of colIXα2 translation. 
3.5.2.1 colIXα2 plays a role in establishing integrity of axial mesoderm 
 The axial structures consist of the floor plate, the notochord and the hypochord.  
colIXα2 is expressed in all these axial tissues during early zebrafish development.  
Expression of various markers present in these axial tissues was studied by WISH in 
embryos after translation inhibition of colIXα2.  
As shown in Fig. 3.14, inhibition of ColIXα2 caused defects in gastrulation (Fig. 
3.14 B) when compared to control (Fig. 3.14 A). During epiboly, expression of colIXα2 
was too weak to be detected by WISH. foxa2/axial, a member of the forkhead/HNF3 gene 
family is expressed during gastrulation in the axial mesoderm and endodermal cells 
(Strähle et al., 1993) (Fig. 3.14 C) and was used to evaluate effects of translation 
inhibition in these cells. The axial-expressing cells are the first to involute during 
gastrulation giving rise to the anterior derivatives, including prechordal plate mesoderm 
and pharyngeal endoderm (Strähle et al., 1993). The domain of axial positive cells was 
wider in the anti-colIXα2MO injected embryos (86%, n=15) (arrow, Fig. 3.14 D). In 
addition, the endodermal cells were significantly reduced in number (86%, n=15)(Fig. 
3.14 D) when compared to control (arrow, Fig. 3.14 C). no-tail (ntl), a Brachyury 
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homologue and flh, a homeobox gene, are expressed in the prospective posterior axial 
mesoderm of zebrafish embryos that form the notochord (Schulte-Merker et al., 1994b; 
Talbot et al., 1995). Expression analysis of ntl after injection of anti-colIXα2MO showed 
that the formation of notochord was affected (Fig. 3.14 E-I). At the shield stage (6 hpf), 
the ntl expression in the axis was much wider (88%, n=25) (Fig. 3.14 F) when compared 
to the control (Fig. 3.14 E) indicating a widening of the axial mesoderm. At later stages, 
the notochordal domain of ntl expression in injected embryos was split (60%, n=25) (Fig. 
3.14 G, I) probably due to abnormal convergence of axial mesoderm cells towards the 
axis. This idea was also supported by the fact that some ntl -positive cells were detected 
far away from the axis (arrowhead, Fig. 3.14 I), illustrating deficient cell attachment and 
migration within a domain of ntl-positive cells. Similar results were obtained using 
another marker of axial mesoderm, flh. Expression analysis with flh at the shield (6 hpf) 
and tailbud (10 hpf) stage after MO injection indicated wider axial mesoderm (74%, n=19) 
(Fig.3.14 K, M), when compared to control (Fig. 3.14 J, L). Dispersed flh mRNA-
expressing cells (arrowhead, Fig. 3.14 M) further illustrated the abnormality in axial 
mesoderm. These results indicated that inhibition of colIXα2 resulted in a loss of integrity 
of axial tissues beginning during gastrulation, suggesting that early low-level transcription 
of colIXα2 plays a role in formation of axial structures. 





















Fig. 3.14. colIXα2 plays a role in establishing integrity of axial mesoderm. Inhibition 
of colIXα2 translation by anti-colIXα2MO injection caused impaired movement of the 
axial cells and reduced endodermal cells. Dorsal is to the top. The probes used and the 
stages of development are indicated in each panel. (A, C, E, H, J, L) Uninjected control ; 
(B, F, G, I, K, M) anti-colIXα2MO injected. The arrowhead in (C) shows the endodermal 
cells. Arrows in (G, I) indicate the dislodged axis or break in the axis. The arrowheads in 




axial      Control/6hpf                           colIXa2MO/6hpf
Control/6hpf           colIXa2MO/6hpf
ntl Control/6hpf             colIXa2MO/6hpf
ntl Control/10hpf                          colIXa2MO/10hpf
H G I
flh        Control/6hpf                           colIXa2MO/6hpf
KJ
flh         Control/10hpf                       colIXa2MO/10hpf
ML
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3.5.2.2   Inhibition of ColIXα2 resulted in loss of reaggregation of cells in vitro 
 
Collagens are known to play a role in directing cellular migration, attachment, 
proliferation and differentiation (for review, Gustafsson and Fässler, 2000). Additionally, 
blocking of translation of ColIXα2 with anti-colIXα2MO caused an expansion of axial 
mesoderm, impaired movement of axial cells towards the midline and loss of cell 
attachment. Therefore, it was hypothesized that colIXα2 might play an important role in 
maintaining the integrity of embryonic tissues.  
To investigate this further, experiments were performed to check the aggregation 
ability of cells after translation inhibition of ColIXα2. For this purpose, anti-colIXα2MO 
at various concentrations was injected into one-cell stage embryos. After 4 hours of 
development, the blastoderms were removed and dissociated in L-15 Leybowitz tissue 
culture medium. Each plate contained 30 animal caps. The experiment was performed in 
triplicates. The dissociated cells were then allowed to grow in a humidified culture 
chamber at 28˚C in L-15 medium supplemented with antibiotics overnight. Blastoderms 
from uninjected embryos were used as control.  
The reaggregation ability was estimated based on the number of cell clusters 
obtained in one plate after overnight incubation at 28˚C. A cluster was defined as 
accumulations of more than two-cells existing as one mass. Cells derived from control 
embryos were able to aggregate and form small cell clusters (Fig. 3.15A). However, the 
ability to form clusters was lost in cells deriving from embryos after injection of anti-
colIXα2MO. The number of cells per cluster was progressively reduced with increased 
dosage of MO (Fig. 3.15 B-D and Table 3.2).  
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The importance of nodal signalling pathway in colIXα2 expression is discussed 
later on (refer section 3.6). In addition, from mutant analysis, it was found that Oep, an 
essential cofactor for Nodal signaling (Schier et al., 1997) played a critical role for 
induction of expression of colIXα2 (section 3.6.3). Hence, in vitro reaggregation ability of 
cells after blocking Oep was also tested. The ability of cells to aggregrate was reduced in 
embryos injected with anti-oepMO (Fig. 3-15 F) in comparison to controls (Fig. 3-15 A-
B) providing further evidence in support of a link between Nodal signalling and 
expression of colIXα2. 
In summary, these experiments provided in vitro evidence that colIXα2 played a 
role in establishing cell adhesion during formation of embryonic structures and inhibition 
of colIXα2 translation resulted in loss of the ability to establish contacts and to form 





Oligos Concentration   Mean number of clusters 
Control, uninjected 40.0 ± 0.23  
0.5pmol MO 20.5 ± 0.71 




1.5pmol MO 5.65.6 ± 0.31 
Control, uninjected 36.7 oepMO 
0.5pmol MO 13.5 
 
Table. 3-2. Table showing the mean number of cell clusters obtained after
reaggregation. 
 
Concentration dependent inhibition of clustering of dissociated embryonic cells by anti-
colIXa2MO and anti-oep MO. After injection of morpholino into one-cell stage 
embryos, the embryos were grown until 4 hpf, the blastoderms removed, cells
dissociated and grown in L-15 culture medium overnight.  
 
DC
Control /uninjected colIXa2MO 0.5 pmol 




Fig. 3.15. Inhibition of ColIXα2 resulted in loss of reintegration of cells in vitro. After 
injection into one-cell stage, the embryos were grown until 4 hpf, the blastoderm was 
separated, cells dissociated and grown in L-15 culture medium overnight. (A) Cells from 
control uninjected. (B) 0.5 pmol anti-colIXα2MO injected; (C) 1 pmol anti-colIXα2MO 
injected; (D) 1.5 pmol anti-colIXα2MO injected. (E) 0.5 pmol anti-oepMO injected. 
Arrows indicate the cell clusters formed. 
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3.5.2.3  ColIXα2 is required for maintenance of the floor plate identity.  
Since colIXα2 mRNAs were expressed initially in the floor plate, analyses were 
carried out to examine if the floor plate is affected by inhibition of ColIXα2. tiggy-winkle 
hedgehog ( twhh), a member of the hedgehog family is expressed only in the MFP and 
thus was used as a marker for floor plate (Ekker et al., 1995). In control uninjected 
embryos, twhh expresses in one row of medial floor plate cells (Fig. 3.16 A, E). After 
inhibition of colIXα2 translation, the affected embryos showed defects in floor plate 
development. The most prevalent defect that was observed in the floor plate was large 
gaps or splits (56%, n=25)(Table 3.3, Fig. 3.16 B, D, F, G). This indicated that the floor 
plate organization was affected by inhibition of ColIXα2. In addition to the gaps in the 
floor plate, twhh expression was observed ectopically in the notochord. The expression in 
the notochord occurred just below the gaps in the floor plate (36%, n=25) (Table 3.3, Fig. 
3.16 C). Thus, it appears that in the absence of ColIXα2 function the floor plate cells not 
only are lost from the floor plate region but they start to appear ectopically in the 
notochord. In few cases, twhh was expressed in the entire notochord with gaps in 
expression in the floor plate above (8%, n=25) (Table 3.3, Fig. 3.16 D). This could be 
either due to misregulation of twhh expression in the notochord or transfating of floor 
plate cells into the notochordal ones. 
 Previously, it was shown that inhibition of ColIXα2 results in loss of integrity of 
axial tissues from as early as the shield stage (Refer to section 3.5.2.1). This early defects 
in the mid-gastrula stage could be explained by the detection of colIXα2 transcripts during 
the shield stage itself by RT-PCR assay (Fig. 3.6), even though the expression was 
undetectable by WISH until one somite stage (Fig. 3.7 A). Apart from the deficiency of 
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axial mesoderm cells, colIXα2 inhibition resulted in abnormal specification or loss of 
floor plate cells. Thus, the early expression of colIXα2 in the precursors of the floor plate 






Phenotypes (as analysed by twhh expression) Number (n=25) Percentages 
Gaps in floor plate 14 53% 
Gaps in floor plate and patches of ectopic 
expression in notochord 
9 37% 
Gaps in floor plate and large domains of ectopic 
expression in notochord 
2 8% 
Table. 3-3. Table showing the different phenotypes obtained after translation
inhibition of ColIXα2 based on expression of twhh 
nc
twhh              Lateral       Control/16hpf              Lateral           colIXa2MO/16hpf







twhh                Dorsal      Control/16hpf              Dorsal           colIXa2MO/16hpf
fp fp
C
twhh              Dorsal        colIXa2MO/16hpf
G
FE
Fig. 3.16. ColIXα2 is required for maintenance of the floor plate identity. Anterior to 
the left. The probe used and the stages of development are indicated in the panel. (A, E) 
Control uninjected; (B, C, D, F, G) anti-colIXα2MO injected. (A, B, C, D) lateral views; 
(E, F, G) dorsal view .  Arrows shows the intact floor plate in (A, E) and the gaps in the 
floor plate in (B, C, D, F). Arrowhead shows the split in floor plate (G) and the expression 
in the notochord in (C). Abbreviations: fp-Floor plate; nc-notochord. Scale bar, 100 µm.
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3.5.2.4 Inhibition of colIXα2 affects somite organization 
 
From previous observations, it has been shown that inhibition of ColIXα2 affected 
integrity of cells during early zebrafish development. Since collagens are secreted 
proteins, their function may not be limited to the site of synthesis, hence it was considered 
important to evaluate the effects of inhibition of ColIXα2 in tissues adjacent to the axial 
mesoderm, for instance the somites.  
After inhibition of colIXα2 translation with morpholino oligonucleotides, the 
morphants had abnormal somite development (Fig. 3.13, 3.17 B). These anti-colIXα2 MO 
injected embryos with deformed somites were selected for further analysis with molecular 
markers for somites. Importantly, WISH did not detect any expression of colIXα2 in 
somites. Nevertheless somitogenesis was clearly affected phenotypically when compared 
to the well-organized somites in control (Fig. 3.17 A).  
 myoD, a member of myogenic basic helix-loop-helix (bHLH) family of 
transcription factors is expressed initially in adaxial and later on in paraxial cells of 
somites (Weinberg et al., 1996). WISH with myoD probe on anti-colIXα2MO injected 
embryos clearly shows that organization and development of somites were severely 
affected with adaxial cells being absent and paraxial cells segmented improperly (62%, 
n=45) (Fig. 3.17 D) when compared to well patterned paraxial and adaxial cells of somites 
in control (Fig. 3.17 C). Reduction of myoD expression following colIXα2 inhibition 
prompted analysis of expression in stable myosin light chain 2-green fluorescent protein 
(mylz2-gfp) transgenic line of zebrafish, which express GFP in fast skeletal muscle (Xu et 
al., 1999; Ju et al., 2003). This transgenic line was used to analyze the effects of anti-
colIXα2MO on zebrafish somites particularly, the fast skeletal muscle.  For this purpose, 
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heterozygotic mylz2-gfp embryos from a cross of a homozygous mylz2-gfp parent with 
wild type fish were injected with anti-colIXα2MO at different concentrations. In the 
uninjected control group, all embryos expressed GFP in the fast muscle (Fig. 3.17E). 
However, GFP expression was reduced (Fig. 3.17 F) after inhibition with anti-colIXα2MO 
in a concentration-dependent manner. Injection of 0.5 pmol and 1.0 pmol anti-colIXα2 
MO caused reduction of GFP expression in 40% (n=85) and 56% (n=106) of injected 
embryos, respectively.  The reduction in gfp expression points to the possibility that 
inhibition of ColIXα2 might affect the differentiation of muscle. Alternatively, 
accumulation of gfp protein in muscle might be related to cell adhesion, which is lost 
following inhibition of ColIXα2. Further experiments need to be performed to address 
these questions. 
In section 3.5.2.1 and 3.5.2.3, it has been shown that inhibition of ColIXα2 caused 
gaps and splits in axial mesoderm during gastrulation (Fig. 3.14) and later on gaps in the 
differentiated floor plate cells (Fig. 3.16). Axial structures like the notochord and floor 
plate are known to play a role as signaling centers patterning the neighboring ventral 
neural plate, somitic mesoderm, and dorsal endoderm and therefore important for the 
patterning of the adjacent somitic and neural tissue (refer, Placzek et al., 1990; Hirano et 
al., 1991; Yamada et al., 1991; Dietrich et al., 1993; Halpern et al., 1993; Hatta and 
Kimmel, 1993; Koseki et al., 1993; Pourquié et al., 1993; Tanabe and Jessell, 1996). The 
analysis on somite derivatives indicated that anti-colIXα2MO caused abnormalities not 
only in the axial mesoderm but also in the adjoining somites probably because the 






Control/16hpf           dorsal                  colIXa2MO/16hpf         dorsal    
myoD       Control/16hpf             dorsal                           colIXa2MO/16hpf           dorsal     
mylz2-gfp Control/26hpf         lateral                        colIXα2MO/26hpf        lateral
E F
Fig. 3.17. Inhibition of colIXα2 translation causes somitic defects in the zebrafish.
Anterior to the left. The probes used and the stage of development is shown in the panel. 
(A, B, C, D) Dorsal views; (E, F) Lateral views. (A, C) control uninjected wild type; (B, D) 
anti-colIXα2MO injected embryos; (E) Control uninjected mylz2-gfp transgenic embryos; 
(F) anti-colIXα2MO injected mylz2-gfp embryos. Arrows in (A, B) indicate the somite 
boundaries. Abbreviations: aa-adaxial cells; nc-notochord; pa-paraxial cells; som-somite. 
Scale bar, 100µm.
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of ColIXα2 protein also interferes with the signaling components involved in 
somitogenesis and somite patterning.  
3.5.2.5 colIXα2 affects integrity of sclerotome, cartilage and neural crest 
Inhibition of ColIXα2 caused defects in axial mesoderm and paraxial mesoderm, 
the somites. It was therefore necessary to analyse if sclerotome, another component of the 
paraxial mesoderm was affected. Moreover, since expression of colIXα2 was observed in 
the presumptive branchial arches, it is also interesting to investigate the effect of inhibition 
of ColIXα2 on patterning of neural crest and cartilage derivatives.  
sox9a is a transcription factor important for cartilage formation and shown to be 
expressed in various tissues including brain, chondrogenic elements, somites and the 
notochord, etc (Chiang et al., 2001) (Fig. 3.18 A). The expression of sox9a in 
colIXα2MO-injected embryos was severely reduced indicating that the development of 
both the sclerotome and notochord was affected in these embryos (86%, n=30) (arrows, 
Fig. 3.18 B). In particular, the notochordal deficiency could contribute to defect of adaxial 
cells. The reduction of sox9a in earlier stage might explain this reduction and suggest the 
importance of colIXα2 in development of sclerotome and cartilage.  
In zebrafish, formation of craniofacial cartilage involves contribution from the 
cranial neural crest cells which arise from hindbrain segments (rhombomeres) and migrate 
ventrally to specific pharyngeal arches (review, Halloran and Berndt, 2003). Since 
colIXα2 is expressed in pharyngeal arches (Fig. 3.9), effect of ColIXα2 inhibition on 
neural crest cells was analysed. Platelet-derived growth factors (PDGFs) are among the 
first polypeptide growth factors identified that signal through a cell surface tyrosine kinase 
receptor (PDGF-R) to stimulate various cellular functions including growth, proliferation, 
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and differentiation (Betsholtz, 1995; Ataliotis and Mercola, 1997; George, 2001). PDGF 
receptor α (pdgfrα) transcripts are mainly localized to premigratory neural crest cells, 
placode, anterior paraxial cells of somites and adaxial cells of the tailbud during 
embryonic development of zebrafish (Liu et al., 2002). Analysis of pdgfrα expression in 
the anti-colIXα2MO injected embryos indicated that neural crest cells were affected by 
inhibition of colIXα2 translation. When compared to uninjected control embryos (Fig. 
3.18 C), the neural crest cells were not properly patterned and dispersed (45%, n=15) 
(arrow, Fig. 3.19 D) in injected embryos. This defect in patterning of neural crest cells 
opens up further avenues for study of a role of ECM protein like collagen in migration or 
patterning of neural crest cells. Other premigratory and migratory neural crest cell markers 
could be used to investigate the defects further and evaluate which step in neural cell 
migration is affected by inhibition of ColIXα2.  
To evaluate the effect of ColIXα2 inhibition on cartilage formation, phenotypic 
defects during later stages of zebrafish development was studied. For this purpose, control 
and anti-colIXα2MO injected embryos were allowed to grow to 96 hpf when cartilage 
elements have formed and stained with the cartilage-specific alcian blue stain. It was 
observed that in control alcian blue staining was well patterned (Fig. 3.18 E, F). In 
contrast, the pharyngeal arches were almost absent in ColIXα2 inhibited embryos (98%, 
n=18) (Fig. 3.18 G, H). The upper and lower jaws were absent and alcian blue staining 
was negligible in the head and the only signal was found ventral to the hindbrain. This 
demonstrated clearly that in absence of ColIXα2 function, pharyngeal arches fail to form. 
This might be a result of defects seen earlier in patterning of the neural crest cells.  
Fig. 3.18. Inhibition of colIXα2 translation affects sclerotome, neural crest and 
pharyngeal arches in zebrafish. Anterior to the left. The probe or the staining used and 
the development stage is indicated in the panel. (A, B, C, D) Dorsal view; (E, F) lateral 
view; (G, H) ventral view. (A, C, E, G) uninjected control. (B, D, F, H) Anti-colIXα2MO 
injected. Arrows in (B) indicate the reduction in expression of sox9a. Arrow in (D) shows 
the abnormal staining pattern of pdgfrα. (E-H) Control and injected embryos were stained 
with Alcian blue specific for cartilages. Scale bar, 100 µm.
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pdgfrα Dorsal           Control/14hpf                    Dorsal        colIXa2MO/14hpf
sox9a         Control/16hpf             dorsal                           colIXa2MO/16hpf           dorsal     
Alcian blue Control/96hpf            ve ntral           colIXa2MO/96hpf                    ventral    
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3.5.2.6 colIXα2 affects integrity of epithelium  
Previous analysis of embryos affected by inhibition of ColIXα2 showed that tissue 
integrity and migration of cells were abnormal. This was illustrated by inhibition of 
ColIXα2 resulting in loose cell “peacock” phenotype in the head region. To check further 
the effect on tissue integrity, the distribution of molecules known for maintaining the 
integrated characteristics of tissues was analysed. Effects of colIXα2 inhibition were also 
visible in the head region with loose cell “peacock” phenotype. To understand this effect 
appropriate markers were used to do WISH on abnormal embryos. 
3.5.2.6.1  Expression of cadherins was affected in anti-colIXα2MO injected embryos 
Cadherins are a family of membrane receptors that mediate calcium-dependent 
homophilic cell-cell adhesion during embryogenesis (Alahari et al., 2002). Functional 
disruption of cadherins may cause uncontrolled cell migration and proliferation (Ivanov et 
al., 2001). N-cadherin is one of the members of this family which is expressed throughout 
the neural epithelium. Throughout neurulation, N-cadherin gradually decreases in the 
dorsal most region of the neural tube. It is hypothesized that since cadherins mediate 
strong cell contacts in the neuroepithelium their expression must be down-regulated in 
order for neural crest cells to become migratory (Halloran and Berndt, 2003). In zebrafish, 
it has been implicated in the control of cell convergence, maintenance of neuronal 
positioning and dorsal cell proliferation during vertebrate neural tube development (Lele 
et al., 2002). The involvement of β-catenin in linking the cytoplasmic tail of cadherins to 
the actin cytoskeleton has long been recognized (Ozawa et al., 1989; Knudsen et al., 1995; 
Peifer, 1997; Ben-Ze’ev, 1999; Ben-Ze’ev et al., 2000). β-Catenin is an abundant protein 
especially in cells expressing cadherins, where it is localized at the sub-membranal 
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domain of adherens junctions (Zhurinsky et al., 2000). Any changes in cell adhesion and 
migration would therefore be explained by disruption in expression or function of these 
adhesion molecules. Hence, expression of cadherins and β-catenin was studied in anti-
colIXα2 MO injected embryos. 
To investigate the defects in embryos showing the loose cells phenotype after anti-
colIXα2 MO injection, affected embryos were selected based on somite number and 
sectioned across the deformity. A distribution of antibody recognized by the anti pan-
cadherin monoclonal antibody (Sigma, USA) was analysed by immunohistochemistry on 
cryosections. When compared to uninjected control where the signal was detected in the 
basolateral membrane (Fig. 3.19 A), the antibody revealed polarity of cells in the center of 
the cluster. Some of the marginal cells of the cluster show no expression of this antigen 
(arrowhead, Fig. 3.19 B). The level of antigen immediately below this cluster was also 
reduced (arrow, Fig. 3.19 B). This suggested that peripheral cells of the cluster lost their 
polarity and attachment. Levels of β-catenin was analysed using antibody against β-
catenin (Sigma, USA). It was found that in uninjected control the level of β-catenin was 
abundant (Fig. 3.19 C). However, in experimental embryos, β-catenin was significantly 
reduced in the region near the cluster of cells (arrow, Fig. 3.19 D) or completely lost at the 
periphery of the cluster (arrowhead, Fig. 3.19 D). Hence, the distribution of a second 
protein involved in cell adhesion has been affected as a result of translation inhibition of 
colIXα2. 
WISH using n-cadherin probe was performed on embryos injected with anti-
colIXα2MO. In control, n-cadherin expression was detected strongly in the forebrain, 
hindbrain and weakly in the midbrain (Fig. 3.19 A). After injection of anti-colIXα2MO, 
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the cluster of loose cells formed preferentially in the area of the midbrain, where 
expression of n-cadherin has been seen at low level (71%, n=17) (Fig. 3.20 B, D). The 
expression of n-cadherin disappeared completely from the midbrain, which correlated 
with the region of loose cells clusters (Fig. 3.20 B, D). There was further reduction in the 
expression of n-cadherin in diencephalon and hindbrain where the n-cadherin expression 
was high in control (Fig. 3-20 B). The reduction of expression in diencephalon also 
correlated with disappearance of eyes (Fig. 3.20 B, D). Apart from the deficiency of n-
cadherin expression in the anterior regions of affected embryos, expression in the trunk 
was also affected. In the control, expression of n-cadherin covers the whole region of 
segmented lateral mesoderm (Fig. 3.20 E). In contrast, after colIXα2MO injection within 
the domain of n-cadherin expression somitic boundaries could not be detected (Fig. 3.20 
F). The reduction in n-cadherin at the midbrain region might not be because of the 
developmental delay after anti-colIXα2 injection because the criteria used for selecting the 
embryos for WISH was based on the somite numbers. Moreover, since the expression in 
other regions of the affected embryos was still strong, it is possible that presence of 
ColIXα2 is required for maintaining expression of n-cadherin especially in regions where 
n-cadherin expression is weak. However, the hypothesis that inhibition of ColIXα2 with 
reduced level of n-cadherin caused appearance of loose cell clusters requires further 
investigation using more markers for cell adhesion. In addition, the zebrafish parachute 
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3.5.2.6.2 Reduction of expression of integrin-α6 in anti-colIXα2MO injected embryos 
The main family of cell surface receptors that mediate cell-matrix interactions are 
the integrins that directly or indirectly influence numerous aspects of cell behavior 
including cell adhesion or migration, cell growth and survival, and differentiation 
(Ruoslahti, 1999; Boudreau and Bissell, 1998; Huang and Ingber, 1999; Howe et al., 
1998; Giancotti and Ruoslahti, 1999; Schwartz and Baron, 1999). Integrins form an 
important component of cell attachment to the substrate of basolateral surface by 
mediating communication between extracellular matrix proteins and cells (for review, 
Vogel, 2001).  Recently, several zebrafish integrin encoding genes have been cloned and 
their expression analysed (Emelyanov et al., personal communication). Expression of 
integrin-α6 was analysed by WISH. Similar to n-cadherin, integrin-α6 is expressed at low 
levels in the midbrain (Fig. 3.20 G). This expression is reduced even further as a result of 
injection of colIXα2MO. Expression of integrin α6 in the forebrain is also reduced (75%, 
n=20)(arrow, Fig. 3.21 H).  
 To summarize the effects of cell adhesion proteins, it can be concluded that 
inhibition of colIXα2 translation resulted in loss of integrity of epithelial cells 
preferentially in the region of midbrain. Migration of neural crest cells was affected. 
Abnormality of markers involved in cell adhesion supports the idea that in the absence of 
ColIXα2 these cells are loosing contact with each other and forming ectopic clusters. 
Hence, ColIXα2 plays an important role in maintaining integrity of tissues in the 
developing zebrafish embryo. 
In summary, loss-of-function experiments demonstrated a requirement of ColIXα2 
during early development of the zebrafish embryos in a number of tissues. The deficiency 
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of this extracellular matrix protein caused abnormal phenotype in axial mesoderm cells 
resulting in abnormal formation and specification of embryonic mesoderm. In addition, 
there were signs of abnormality in tissues where expression of ColIXα2 is below the level 
of sensitivity of WISH for example in tissues of gastrula, and later on in somites.  
C D
pan-cadherin Control                                    colIXα2MO 0.5pm
A B
β-catenin Control                                         colIXα2MO 0.5pm
Fig. 3. 19. Cadherins and β-Catenin are affected by inhibition of colIXα2 
translation. All the panels are cross sections across the head region of control and 
injected embryos with “peacock phenotype”. Dorsal to the top. The antibody used and 
the stage of development is indicated in the panel. (A,C) uninjected control; (B, D) cross 
section at the head region of embryos injected with anti-colIXα2MO. Note the reduction 
in antibody staining (arrow, B, D) or loss of staining (arrowhead, B, D). Scale bar, 100 
µm.
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n-cadherin dorsal      Control/14hpf                     dorsal             colIXa2MO/14hpf
integrin-α6 dorsal    Control/14hpf                dorsal       colIXa2MO/14hpf
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Fig. 3.20. n-cadherin and integrin-α6 are severely reduced in midbrain of 
colIXα2MO injected embryos. Anterior to the left. The probes used and the 
development stage is indicated in the panel. (A, B) lateral view; (C, D, E, F, G, H) 
dorsal view; (C, D, G, H) dorsal view of head; (E, F) dorsal view of trunk. (A, C, E, G) 
control uninjected; (B, D, F, H) anti-colIXα2MO injected embryos. Arrow in (B) show 
the loose cell cluster at the head region. Arrow in (D) and (H) indicate loss of 
expression corresponding to the loose cell clusters shown in (B). Arrows in (E, F) show 
the somite boundaries. Abbreviations: ey-eye; h-head; som-somite. Scale bar, 100 µm.
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3.6 Regulation of colIXα2 expression in zebrafish development 
The experiments described so far in the previous sections aim to understand the 
spatial and temporal expression profile of colIXα2 and the effects caused by loss of 
function morpholino knockdown. The results imply that colIXα2 in particular and 
probably extracellular matrix proteins in general are important molecules during 
vertebrate development. They might form the important link that helps the vertebrate body 
to develop with a certain organization and order. Hence, various developmental pathways 
that profoundly modulate the vertebrate embryonic development might effect collagens 
and other extracellular matrix proteins. The aim of the following sections is to understand 
potential regulatory mechanisms that modulate the expression and function of colIXα2 in 
various tissues like the axial structures. For this purpose, various zebrafish mutants with 
deficiencies in different midline axial structures or representing different components of 
regulatory pathways were used for analyses using WISH. 
3.6.1 colIXα2 expression in axial structures is independent of the notochord 
Midline axial structures in zebrafish include the notochord, the floor plate and the 
hypochord. Since during early development colIXα2 is actively expressed in these 
structures (Fig. 3.7, 3.21A). In addition, markers of the axial structures were affected in 
the absence of ColIXα2 activity (Fig. 3.14). Hence, it was deemed necessary to evaluate 
expression pattern of colIXα2 in mutants deficient in these structures. The notochord is an 
important and prominent midline axial structure. This rod-like structure running along the 
length of embryo is an important signaling center that patterns the adjacent tissues like the 
floor plate, somites etc. Currently, many well-characterized mutants of the notochord are 
  Results 
 136
available in zebrafish, for example, floating head (flh-/-), no tail (ntl-/-) (Schulte-Merker et 
al., 1994; Talbot et al., 1995).  
The zebrafish homeobox gene floating head (flh) is essential for notochord 
development and one of the earliest genes to be expressed in notochord precursors (Talbot 
et al., 1995). In zebrafish flh mutants, no notochord develops and instead muscle cells 
occupy the position normally occupied by the notochord (Talbot et al., 1995; Melby et al., 
1997). Analysis of distribution of colIXα2 transcripts in flh-/- showed the presence of 
colIXα2 transcripts in the floor plate (Fig. 3.21 B). This observation shows that deficiency 
of flh removed the notochord but did not affect expression of colIXα2 in the floor plate.  
Notochord development in zebrafish also requires the activity of no tail (ntl) 
(Halpern et al., 1993). In ntl mutant embryos, at least some notochord precursors develop 
as mesenchymal cells that resemble neither notochord nor muscle (Halpern et al., 1993; 
Melby et al., 1996).  However, they have a wider medial floor plate (MFP), a ventral row 
of midline spinal cord cells that is usually only one cell wide (Strähle et al., 1996; 
Odenthal et al., 1996; Halpern et al., 1997), raising the idea that some ntl-/-dorsal organizer 
cells in the wild-type ‘notochord domain’ may adopt a floor plate fate (Halpern et al., 
1997). In ntl-/-, the expression of colIXα2 was very strong in the tail region where 
colIXα2-positive cells were present (Fig. 3.21 C). Previously, based on expression of twhh 
in this domain it has been suggested that these cells represent the floor plate (Halpern et 
al., 1997).  
Since these mutations did not affect expression of the colIXα2 in the floor plate, it 
can be suggested that the notochord was not necessary to maintain expression of colIXα2. 
Moreover as colIXα2 is expressed in the early precursors of the floor plate and hypochord, 
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the function of the notochord was not required to induce expression of colIXα2 in these 
cells. These results might also suggest that while regulating certain aspect of notochordal 
development, flh and ntl are not involved in regulation of expression of colIXα2 gene as 
such. Additionally, the analysis in these notochord-deficient mutants supports an idea that 
the expression of colIXα2 represents a very early manifestation of formation of the floor 
plate, which takes place independently of the function of the notochord. These 
observations prompted us to analyze the significance of midline signaling pathways in the 











Fig. 3.21. The expression of colIXα2 in axial structures is independent of notochord.
Anterior to the left. (A, B, C) lateral view of tail. The probe used, the mutants and their 
stage of development is indicated in the panel. Abbreviations: fp-floor plate; nc-
notochord. Scale bar, 100µm.
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3.6.2 colIXα2 transcription is regulated by TGFβ signaling 
Since expression of colIXα2 has been detected chiefly in the tissue of mesodermal 
origin and genetic analysis demonstrated involvement of TGFβ-related Nodal signaling 
upstream of colIXα2, therefore, we decided to check whether transcription of colIXα2 will 
be induced by Activin, a member of the TGF-β family of morphogens used to mimic a 
role of Nodals in establishment of axial structures (de Vries et al., 1996; Thisse et al., 
2000). Previously, it has been observed in Xenopus animal caps that activin can respecify 
prospective ectodermal tissue to form different mesodermal cell types in a dose-dependent 
manner. Moreover, activin can function in the embryo as a long-range morphogen 
(Gurdon et al., 1994, 1995; Jones et al., 1996; Reilly and Melton, 1996; Hug et al., 1997; 
for review see Smith, 1997).  
activin mRNA was synthesized using linearized pSP64T-XActivin β-plasmid and 
injected into embryos at 1-2 cell stage. The embryos were allowed to grow till 3 hpf and 
then the blastoderms were dissected out avoiding yolk. The blastoderms were allowed to 
grow in L-15 Leybowitz tissue culture medium overnight in 28°C incubator and fixed for 
WISH. Expression of colIXα2 mRNA was observed in the activin mRNA-injected 
explants (Fig. 3.22 B), whereas the uninjected control lacked any detectable colIXα2 
mRNA (Fig. 3.22 A). Thus, colIXα2 was induced in animal caps by activin or activin-like 
TGF-β factors supporting the idea that induction of expression of colIXα2 is TGFβ-
dependent. 
A B
colIXα2 Control                              colIXα2 Activin-injected
Fig. 3.22. colIXα2 expression was induced by mesodermal inducers like activin. 
(A) Animal caps from uninjected control embryos. (B) Animal caps obtained from 
activin mRNA-injected embryos. activin mRNAs were injected into 1-cell zebrafish 
embryos that were allowed to develop till 3 hpf. Animal caps were then dissected,  
incubated in L-15 Leybowitz tissue culture medium overnight and fixed for WISH.
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3.6.3 colIXα2 expression in floor plate depends on Nodal signaling  
Nodal and related factors form a subgroup of the TGF-β superfamily of signaling 
factors and are believed to play an important role in development and differentiation of 
axial mesoderm acting via intracellular SMAD pathway (Driever, 1995; Jones et al., 1995; 
Feldman et al., 2000). The evolutionary conserved Nodal signaling mediated by Cyclops 
(cyc) and Squint (sqt), both of which act as ligands, plays a role during formation of the 
floor plate from undifferentiated precursor cells. In absence of activity of these genes, the 
floor plate fails to develop (Hatta et al., 1991; Schier et al., 1997; Strähle et al., 1997b; 
Halpern et al., 1997; Sampath et al., 1998; Feldman et al., 1998; Sirotkin et al., 2000; 
Chen and Schier, 2001). One-eyed pinhead (Oep) is an essential cofactor for Nodal 
signaling in all processes thought to involve Nodal signals, including germ layer 
formation, floor plate development and left-right patterning (Schier et al., 1997; Gritsman 
et al., 1999; Yan et al., 1999).  
From this study, it was found that all the chains of collagen IX express in the axial 
structures, floor plate, notochord and hypochord. It was shown in previous session that 
colIXα2 was induced by activin mimicking TGF-β signals. Additionally, the three genes 
encoding chains of Collagen IX were identified in a screen for Nodal-dependent genes 
(Dickmeis et al., 2001) indicating that Collagen IX might be influenced by Nodals. In 
order to understand the regulation of expression of colIXα2 in the floor plate, the 
expression of this gene in nodal pathway mutants, cyclops (cyc-/-), squint (sqt-/-) and one-
eyed pinhead (oep-/-) was analysed. 
The zebrafish mutants affecting the Nodal signaling, cyc-/- and oep-/- lack a floor 
plate (Hatta et al., 1991; Schier et al., 1997; Strähle et al., 1997; Sampath et al., 1998). 
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Analysis of expression of colIXα2 showed expression in the precursors of the floor plate 
at the tail bud region of cyc-/- (arrow, Fig. 3.23 A) and oep-/- (Fig. 3.23 G). The expression 
was absent in more anterior position, where the differentiated floor plate should be 
present. These data demonstrated that the function of zygotic Cyc and zygotic Oep is 
required for maintenance of the floor plate, but not for its induction. This raised a question 
whether Nodal signaling is important for induction of the floor plate precursors.  
Mutation of the second Nodal gene, squint (sqt-/-) does not affect formation of the 
floor plate (Fig. 3.23 E). Since the two Nodal genes cyc and sqt may act in a 
complimentary manner, we analysed expression of colIXα2 in double mutants affecting 
both these genes. Despite the fact that expression of colIXα2 was been detected in the 
head and ear (Fig. 3-23 C), expression in the floor plate was absent suggesting that 
formation of precursors of the floor plate depends on activity of both Cyc and Sqt. Similar 
results were observed after injection of anti-cyc and anti-sqt MO. Expression of colIXα2 
in anti-cyc MO injected embryos was detected in the cells-precursors of floor plate and not 
detected in the anteriorly located differentiated floor plate cells (arrow, Fig. 3.23 D). 
However, the floor plate expression of colIXα2 was still intact after inhibition of Sqt in 
anti-sqt MO injected embryos (Fig. 3.23 E). Coinjection of anti-cyc MO and anti-sqt MO 
resulted in total loss of expression of colIXα2 from the axial structures (right panel, Fig. 
3.23 F). Interestingly, the non-floor plate expression of colIXα2 was still detected in the 
ear after injection of MO blocking Cyc and Sqt (left panel, Fig. 3.23 F). This suggested 
that the maternally-derived Cyc and/or Sqt or, alternatively, other TGFβ-related molecules 
could be responsible for activation of expression of colIXα2 in the placode-derived ear. 
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In oep-/-, expression of colIXα2 was visible throughout the notochord in anterior 
and posterior tail (Fig. 3.23 G).  However, the expression in floor plate was visible in 
patches in posterior as well as anterior region of tail close to the chordo-neural hinge.  In 
oep-/- (similar to cyc-/-), colIXα2 expression was detected in the precursors of the floor 
plate, but this expression was not maintained in mature floor plate (Fig. 3.23 G). 
Therefore, the zygotic Oep was not necessary for establishing the floor plate precursors 
(Hatta et al., 1991; Sampath et al., 1998; Rebagliati et al., 1998). Further, this supported a 
known role of the zygotic Nodal signaling in the maintenance of the floor plate.  
Expression of colIXα2 in the precursors of the floor plate of zygotic one-eyed 
pinhead mutant, oep-/- suggested that the precursors might depend on maternal Oep. Since, 
oep is a maternal gene, it was necessary to analyze if presence of maternal Oep 
contributed to the expression of colIXα2 in the precursor cells in oep-/-. To check this 
possibility, the Mzoep embryos lacking both the maternal and zygotic Oep protein 
(Gritsman et al., 1999) were analysed. Embryonic development of Oep (Zoep) can be 
rescued by injection of oep RNA. Animals rescued by this approach were lacking the 
function of oep during oogenesis and embryos lack the materal Oep. In Mzoep-/- mutants 
deficient in all Oep activity (maternal and zygotic), expression of colIXα2 was completely 
abolished not only in the tail bud, but anywhere in the embryo (Fig. 3-23 H, I) 
demonstrating a critical role of Oep and therefore, Nodal signaling for induction of 
expression of colIXα2 in the zebrafish. Thus, the formation of cells-precursors of the floor 
plate depends on maternally derived Oep.  
To summarize, the analysis on mutants of nodal signaling pathway demonstrated 
differential requirement for different pools of Nodal proteins in induction and maintenance 
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of different domains of posterior medial floor plate (Fig. 3.24). The anterior differentiated 
medial floor plate requires zygotic Cyc and zygotic Oep for its induction whereas the 
posterior medial floor plate precursors require maternal Cyc & Sqt and maternal Oep for 
its induction.  
The role played by specific receptors, for instance TARAM-A (Renucci et al., 
1996) and other downstream components of nodal signaling on colIXα2 remains to be 
examined. The induction of colIXα2 expression could also be controlled by the recently 
discovered third Nodal homolog in the zebrafish, southpaw (Long et al., 2003) which 
needs to be investigated. In addition, the promoter region of colIXα2 gene could be 
isolated and promoter-deletion experiments done to identify the elements that might 
interact with nodal responsive elements. This would also help to identify the promoter 
element that drives early expression in the medial floor plate precursors. Similar 
experiments can be performed to understand how the genes encoding the other two chains 


















dorsal Lateral  tailF
H I
colIXα2 oep-/-/16hpf                      colIXα2 Mzoep-/-/16hpf   head                   tail
colIXα2 cycMO/16hpf               colIXα2 sqtMO/16hpf           cycMO+sqtMO/16hpf
Fig. 3.23. Expression of colIXα2 is dependent on nodal signaling in the floor 
plate. Anterior to the left. The probes used, the mutants, the treatments and the stage 
of development are indicated in the panels. (A, C, D, F, G, I,) Lateral view of posteior
tail; (B, E) lateral view of the anterior tail; (H) lateral view of the head; (C) whole 
mount view of trunk; (F) dorsal view trunk at the level of ear. Abbreviations: ea-ear;
fp – floorplate; hc-hypochord ; nc - notochord. Scale bar, 100µm.
145







Fig. 3.24. Differential requirement of components of Nodal signaling in floor plate.
The panel shows expression of colIXα2 in the tail bud region of 24 hpf embryo
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Type IX collagen contains three chains, α1, α2 and α3. Preliminary analysis of 
their expression in early embryonic zebrafish development showed that all the three genes 
encoding them are expressed in the axial mesodermal cells albeit in a distinct way from 
each other. Expression of type IX collagen α2 (colIXα2) is most unique among the three 
and differed from the expression profile recorded for other known markers for axial 
tissues and axial regulators. Hence, the present study was initiated to study the function of 
this particular chain of collagen IX in axial development in more detail. The full length 
colIXα2 cDNA was isolated and cloned. The 2073 bp gene of colIXα2 was analysed for 
its unique features and mapped to a conserved region on zebrafish linkage group 19. Its 
expression and function in early zebrafish development were analyzed by various 
experimental tools. Loss of ColIXα2 resulted in loss of integrity of different tissues. It 
expresses in floor plate precursors and further analysis with Nodal pathway mutants 
suggested that formation of the floor plate precursors and induction of colIXα2 expression 
depends on maternally-derived oep.  
4.1 Zebrafish colIXα2 belongs to the unique family of FACIT collagens 
FACIT group of collagens consists of collagen Type IX, XII, XIV, XVI and XIX 
(Shaw and Olsen, 1991; Olsen, 1995, 1997) and possesses certain unique structural 
characteristics, which distinguish them from other collagens. The zebrafish ColIXα2 
shares several features common with the chick and human counterparts for instance, the 
presence of non-collagenous (NC1, NC2, NC3 and NC4) domains interspersed with 
collagenous domains (with the basic G-X-Y repeats) (COL1, COL2, COL3). This feature 




Rest et al., 1985; Ninomiya et al., 1985; Perälä et al., 1993). Another feature is the 
glycosaminoglycan (GAG) chain attachment at the NC3 domain of colIXα2, which is 
believed to interact with the Type II collagen fibril (Huber et al., 1988; McCormick et al., 
1987; van der Rest and Mayne, 1988; Wu et al., 1992). This unique feature of formation 
of intermolecular bridges with the fibrillar collagens might explain the functional 
importance of ColIXα2 in maintaining integrity among cells and tissues.  
Zebrafish ColIXα2 shares high amino acid identities (74-76%) with the 
corresponding human, chick and mouse ColIXα2. In addition, there is a complete 
conservation of cysteine residues in the NC1 domain at the positions 1 and 6 from the start 
of NC1 domain (Fig. 3-3). Warman et al (1994) showed such conserved residues in the 
NC1 domain of α1, α2 and α3 chains of collagen IX in human, mouse, rat, chick and 
bovine and suggested a strong selection pressure for the formation of disulfide bonds at 
these positions. Studies on type XII, another FACIT collagen with similar conserved 
peptides and disulphide bonds was deemed as an important step toward formation of 
triple-helix (Lunstrum et al., 1992; Mazzorana et al., 1993). The conserved positions of 
cysteine residues throughout the FACIT family in all characterized species suggest their 
functional significance in the triple helix formation and maintenance of secondary or 
tertiary structure (Shaw and Olsen, 1991). Sequence and gene structure analysis of 
zebrafish colIXα1 and colIXα3 will provide further data to this suggestion. Three-
dimensional structural analysis of these chains will help to throw more light on the 
structural features of this unique class of collagens. Since type IX collagen molecule is a 




questions about their coordinated regulation, which could be addressed with structural and 
functional information.   
4.2 Genome mapping of colIXα2 reveals a conserved synteny  
Based on genetic mapping and analysis, the region containing colIXα2 on 
zebrafish LG19 might be syntenic to the chromosomal regions containing colIXα2 in 
human chromosome 1 and mouse chromosome 4, consistent with the observations made 
by Woods et al. (2000). Presence of Interleukin enhancer binding factor-2 (Ilf-2) and 
Histone deacetylase (HDAC) close to the map position of colIXα2 on zebrafish linkage 
group 19 corresponds to their conserved presence on human chromosome 1 and mouse 
chromosome 4 in close vicinity of map positions of ColIXα2 in these species.  
Some chromosomal rearrangement might have occurred during evolution on this 
linkage group since, several genes located on linkage group 19, namely, Retinoid X 
responsive element (RXRE), No-tail (Ntl) and Casein kinase 2 beta (Csnk2b), while their 
homologs in human and mouse were found on chromosome 6 and 17, respectively.  This 
type of rearrangements and shuffling has been observed previously as reported by Woods 
et al (2000). 
4.3 Zebrafish Collagen IX chains are expressed in the axial structures 
Collagens and other proteoglycans have been reported to be expressed in the 
notochord during induction of human fetal vertebral column and type IIA collagen was 
found to be the predominant form (Sandell, 1994). In zebrafish, type II collagen α1 
(colIIα1) is known to express in all axial structures including the floor plate, notochord 
and hypochord during embryogenesis (Yan et al., 1995). Recently it has been reported that 




embryos (Dubois et al., 2002). Although, the presence of collagens in axial structures has 
been previously documented, there is still a large gap in our understanding of the 
expression and regulation of this family of genes as there are at least 32 unique genes of 
collagens. While it has been suggested previously that during chondrogenesis Collagen IX 
might be associated with Collagen II (Perälä et al., 1997), little is known about functional 
interactions involving Collagen IX in non-chondrogenic lineages. Since expression of 
colIIα1 has been detected in the axial structures of several vertebrate species, including 
human (Yan et al., 1995, Krengal et al., 1996), it opens a possibility of functional 
interactions between Collagen II and Collagen IX in these structures. 
Apart from colIIα1, another gene family of extracellular matrix molecules, f-
spondin is expressed at high levels by the floor plate cells and mindin1 is expressed in the 
hypochord cells (Higashijima et al., 1997). The rat homologue of mindin and f-spondin are 
expressed in the brain and it was found that they promote adhesion and outgrowth of 
hippocampal embryonic neurons (Feinstein et al., 1999). Additionally, the floor plate 
secretes Netrin-1 whose expression in vertebrates is regulated by Hedgehog signaling and 
which provides long-range guidance cues that promotes growth of axons to the ventral 
midline of the spinal cord (Kennedy and Tessier-Lavigne, 1995; Strähle et al., 1997a; 
Lauderdale et al., 1998). Another ECM protein, Tenascin-C is expressed during zebrafish 
embryogenesis by somites, neural crest cells, roof plate, notochord, hypochord, and tail fin 
bud, suggesting an important role of tenascin-C in zebrafish development especially in 
axial structures (Tongiorgi, 1999). Hence, the study of role of extracellular matrix 




To date, little data is available for the expression pattern of collagens in general 
and Collagen IX in particular during early embryogenesis in other vertebrate systems. 
Most of the expression data available is from later developmental stages with expression 
mainly visible in cartilage (Summarized in Table 3-5). No reports are yet available on 
expression and function of fibril-associated collagens like collagen IX in early 
development in zebrafish and most other vertebrate models (Refer to Table 4.1). 
According to Olsen (1997), collagen IX is synthesized by cells in cartilage, the developing 
eyes and some other tissues. Specific expression of Collagen IX during embryogenesis of 
vertebrates was studied only in chick, where it was detected in the posterior sclerotome 
(Ring et al., 1996) and immunoreactivity to collagen IX was also observed in notochordal 
sheath of chick embryo (Fitch et al 1989, 1998). 
The current study emphasizes the early expression and function of Collagen IX, in 
particular ColIXα2. In the current study, the colIXα2 transcripts could be detected by 6 
hpf by RT-PCR which is important because it coincides with the timing of floor plate 
formation (Tian et al., 2003). The earlier detection of colIXα2 transcripts by RT-PCR 
shows it is a more sensitive technique for detecting low copy number of transcripts. The 
gastrulation stage phenotype observed after ColIXα2 inhibition could also be explained by 
the detection of transcripts at shield stage itself.  
Zebrafish collagen IX chains α1, α2 and α3 are predominantly expressed in the 
axial structures during early development until segmentation period. During post-
segmentation, the expression of all chains and particularly of colIXα2 slowly disappeared 
from the axial structures and became concentrated in non-axial structures including ear, 




Among the three genes encoding three subunits of murine type IX collagen, only 
colIXα1 was analysed extensively and it was suggested that all three genes could be 
regulated in a similar fashion (Perälä et al., 1997). This notion may not necessarily be 
valid, since it has been shown that the level of expression of colIXα1 peaked earlier than 
those of colIIα1 and colXIα2 (Perälä et al., 1997). The expression of colIXα1 is driven by 
two separate promoters approximately 20 kb apart in both mouse and chick genomes. This 
generates two tissue-specific isoforms namely the long form (including the NC4 domain) 
in cartilage and the short form in ocular tissues (Nishimura et al., 1989,  Svoboda et al., 
1988). In mouse, the short form is expressed in the eye and heart and the long form is 
expressed in the lung, cartilage and liver. With the progress of development, expression of 
the short form was concentrated in the ocular tissues and neural retina suggesting its 
possible role in eye development (Liu et al., 1993). Compared to these observations, 
expression of zebrafish colIXα1 was observed in the axial structures, which has not been 
reported in other systems. However, expression in the eye correlates with that observed for 
mouse and chick ColIXα1. It remains to be studied further whether short form and long 
form transcripts of colIXα1 exist in zebrafish and whether the clone used in this study 
corresponds to the short form in other vertebrates. In absence of functional data on loss-of-
function of colIXα1 and colIXα3, the functional importance of differential expression of 
these two collagen IX genes in axial structures of zebrafish remains speculative.  
In the chick and mouse, expression of colIXα2 was much less studied as opposed 
to that of colIXα1. The presence of colIXα2 has been demonstrated in the cornea and 
cartilage of chick (Svoboda et al., 1988) and mouse during development (Savontaus et al., 




zebrafish collagen IX was stronger in the axial structures than in the non-axial structures. 
Importantly, colIXα2 expresses in the early floor plate and hypochord and colIXα3 in the 
early notochord, indicating that they are differentially expressed in these structures. This, 
for the first time, indicated a distinct requirement in products of these genes during early 
stages of specification of precursor cells of axial structures. A comprehensive schematic 
representation of expression profile of the three chains of collagen IX and colIIα1 during 
segmentation period is presented in Fig. 3-12. It is evident that the three chains of collagen 
IX, colIXα1, colIXα2 and colIXα3 are expressed differentially in the tail bud region. Only 
colIXα2 and colIXα3 are expressed in the early precursor population of axial structures 
with colIXα2 present in the non-notochordal axial precursors while colIXα3 is expressed 
in the notochordal precursors. The expression of collXα1 resembles that of colIIα1 
suggesting that these two chains might be closely associated and regulated in a similar 
fashion. The expression of colIXα3 resembles that of shh (Krauss et al., 1993) in the tail 
bud region. Our observations on differential expression of collagen IX genes for the first 
time suggested a distinct requirement for products of these genes during early stages of 





Table. 4.1. Overview of expression profile of various chains of collagen IX  in 
different vertebrate systems. 
 
Chick Mouse Zebrafish Tissue/Collage
n types α1 L α1 S α2,α3 α1 L α1 S α2, α3 α1 α2 α3 
Cartilage + - + + + + + + + 
Eye + 
late 
+ early + - + + + + - 
Notochord _ + na na na na + + + 
Notochordal 
sheath 
_ + na na na na + + + 
Perinotochordal 
matrix 
_ + na +* +* +* + + + 
Floor plate, 
Hypochord 
na na na na na na + + + 
Ear na na na na na na + + + 
Heart na na na na + na - - - 
Brain na na na - - + - - - 
Skin na na na - - - + + + 
Limb buds + +(low) + + + - (α2) 
+(α3) 
 +  
 
Alpha chains 1, 2 and 3 represented by α1, α2 and α3 respectively. L, Long form; S, Short 
form; na, Not Available; (-) not observed. The expression data for chick and mouse colIX 
have been obtained from other sources. (References: Cai et al., 1994; Dhawan and Beebe, 
1994; Fitch et al., 1989; Fitch et al., 1998; Hayashi et al; 1992; Kimura et al., 1985; 
Linsenmayer et al.,1990; Liu et al., 1993; Ring et al., 1996; Perälä et al., 1997; Savontaus et 








4.4 colIXα2 is expressed in a unique temporal order in zebrafish axis 
The early expression of colIXα2 was observed in non-notochordal axial precursors 
of floor plate and hypochord in embryonic zebrafish. While its expression in axial 
structures is superficially similar to another collagen gene, colIIα1 (Yan et al., 1995), and 
also to shh (Krauss et al., 1993), colIXα2 is expressed in these structures in a different 
temporal order, i.e., much earlier in non-notochordal precursors of axial structures than in 
the notochordal ones. In contrast, the transcripts of shh and foxa2/axial appeared earlier in 
the notochord and later on in the floor plate (Krauss et al., 1993; Strähle et al., 1993). 
Expression of colIIα1 was initiated in the notochord and later on almost simultaneously in 
the floor plate and hypochord (Yan et al., 1995). Expression of twhh appeared only in the 
floor plate, including the most posteriorly located precursor cells (Ekker et al., 1995), 
simultaneously to that of colIXα2. Hence, colIXα2 displays a unique temporal pattern of 
expression in axial structures, which makes it useful as a molecular marker for studying 
the mechanism of specification of axial structures.  
In zebrafish, it has been postulated that the formation of caudal regions or posterior 
body differs from anterior body formation (Kanki and Ho, 1997). The cellular 
differentiation occurs in an anterior-to-posterior direction. Hence in the tail all structures 
in the posterior level are less differentiated compared to the more anterior levels (Kanki 
and Ho, 1997; Dheen et al., 1999). The cells of the tailbud (or chordo-neural hinge) 
contain precursors of mesendodermal, ectodermal and neurectodermal derivatives 
(Kimmel et al., 1990; Shih and Fraser, 1995). Eventually, the axial structures derive from 
these derivatives. The tailbud contains tissue-restricted domains, which can be correlated 




1993; Thisse et al., 1993; Talbot et al., 1995). Axial structures are formed throughout tail 
outgrowth and different markers are expressed in the axial structures of zebrafish. The 
differential expression of these axial markers during embryogenesis indicates their 
differential requirement during tail morphogenesis and specification of different fates in 
the precursor populations can be studied in more detail. colIXα2 is the only marker 
characterized so far to have an earlier expression in the non-notochordal axial precursors 
thus providing us the tool towards better understanding of their specification (refer 4.10).  
4.5 colIXα2 might play a role in craniofacial development 
Towards later developmental stages, the expression of colIXα2 was more 
prominent in anterior regions notably in the pharyngeal arches, neurocranium, ear, gills, 
jaws and the eye (refer section 3.3.2, Fig. 3.7, 3.8), where cartilaginous tissues form the 
supporting framework, indicating their role in formation of specific lineages of tissues.  
The non-axial expression of colIXα2 exemplifies and supports the traditional function 
assigned to collagens, that is, cartilage morphogenesis (Perälä et al., 1997; Dubois et al., 
2002) and corroborate the well known role of ECM proteins in craniofacial and cartilage 
development (for review, Aszódi et al., 2000, 2001; Young et al., 2000). Additionally, 
inhibition of ColIXα2 by morpholino oligonucleotides resulted in deficiency and 
abnormality in sclerotome and developing pharyngeal arches causing severe craniofacial 
defects (section 3.5.2.5, Fig. 3.19), which further supports the idea that ColIXα2 might be 
playing a critical role in development and organization of cartilaginous structures in the 
craniofacial region. Further investigations using wild type and mutants with altered 




might give more insights into our understanding of extracellular proteins like collagen IX 
in development of these tissues. 
Previously, analysis of spatio-temporal distribution of type II collagen during early 
craniofacial development in the mouse embryo has shown early and transient expression 
in the otic and optic vesicles, the ventrolateral surfaces of the developing brain, olfactory 
conchi, endocardial and mesocardial tissues, the lateral and basal surfaces of the 
pharyngeal endoderm and beneath the ectoderm of the branchial arches (Wood et al., 
1991). These findings are consistent with the hypothesis that the pattern of epithelial 
secretion of type II collagen, or a coexpressed matrix molecule, constitutes a 
morphogenetic signal, realized as a matrix-mediated tissue interaction, and specifying the 
form of the vertebrate chondrocranium (Wood et al., 1991). Zebrafish colIIα1 also 
expresses in the pharyngeal or branchial arches, otic vesicle and head mesenchyme (Yan 
et al., 1995) supporting the idea that the pattern of Collagen II expression is an 
evolutionarily conserved feature of vertebrate head (Thorogood, 1988). Co-localization of 
collagen IX with collagen II further provides the evidence that collagen IX might also 
have a role in craniofacial development of vertebrates. Epithelial derived collagen II and 
associated components (like collagen IX) of extracellular matrix have been proposed to 
provide a template that mediates the differentiation and patterning of the cartilaginous 
neurocranium by chondrogenic mesenchyme of mesodermal or neural crest origin 
(Thorogood et al., 1986; Thorogood, 1988; Wood et al., 1991; Cheah et al., 1991; Seufert 
et al., 1994). 
Mutations in extracellular matrix genes cause myriad of defects in various organs 




etc with chondrodysplasia affecting cartilage and bone being the most predominant type 
(for review see Gustaffson and Fassler, 2000; Briggs and Chapman, 2002).  
Mutations in different chains of collagen IX have also been analysed in human. 
Evidence that collagen IX is important for articular cartilage and function in humans was 
first suggested by the demonstration of linkage between the ColIXα2 locus and multiple 
epiphyseal dysplasia 2, EDM2 (Briggs et al., 1994). Subsequently, Muragaki et al. (1996) 
not only confirmed linkage in a second family with EDM2, but also identified a ColIXα2 
mutation predicted to cause the deletion of 12 amino acid residues in the COL3 domain of 
the α2(IX) collagen chain. The mutation is within the 5’ end of intron 3 in the ColIXα2 
gene and causes skipping of the exon 3 during splicing of the primary α2(IX) RNA 
transcript. Mutations in COLIXα2 (Muragaki et al., 1996; Annunen et al., 1999), 
COLIXα3 (Paassilta et al., 1999a, b; Bonnemann et al., 2000; Lohiniva et al., 2000) and 
COLIXα1 (Czarny-Ratajczak et al., 2001) have also been shown to cause multiple 
epiphyseal dysplasia (MED) in human (for review, Briggs and Chapman, 2002). Affected 
individuals in the family developed a waddling gait with stiffness and pain in the knees 
during childhood. These mutations result in two related human bone dysplasias, 
pseudoachondroplasia (PSACH) and MED, which together comprise a "bone dysplasia 
family”, and are both genetically and phenotypically heterogeneous.  
The skeletal dysplasias are a diverse group of genetic diseases affecting primarily 
the development of the osseous skeleton, and range in severity from mild MED, which 
manifests with pain and stiffness in the joints and delayed and irregular ossification of the 
epiphyses, to the more severe PSACH, which is characterized by marked short stature, 




2002). The findings clearly support a role for collagen IX in contributing to the physical 
integrity of articular cartilage or playing a role in homeostasis of cartilage matrix. The 
location of collagen IX molecules on the surface of collagen fibrils, the crosslinking to 
collagen II molecules within the fibrils, and the projection of the COL3 domain of 
collagen IX molecules into the perifibrillar space, are features that are all consistent with 
the idea that collagen IX may be a structural bridge between fibrils and other matrix 
components in cartilage (van der Rest and Mayne, 1988; Shaw and Olsen, 1991). The 
large globular NC4 domain at the tip of the COL3 arm could, for example, interact 
noncovalently with proteoglycans. This interaction could be direct or indirect. An indirect 
interaction via cartilage oligomeric matrix protein (COMP) is suggested by the finding 
that mutations in COMP are responsible for psuedoachondroplasia and multiple 
epiphyseal dysplasia I, EDM1 or MED (Briggs et al., 1995). Collagen IX on the surface of 
collagen fibrils may also play a role in cartilage homeostasis by binding growth factors, 
tissue inhibitors of matrix metalloproteases, or membrane receptors on chondrocyte 
surfaces (van der Rest and Mayne, 1988; Shaw and Olsen, 1991). 
The ease of using zebrafish as a developmental model and the clearly visible 
phenotypic changes, for instance the craniofacial defects after inhibition of ColIXα2, 
would allow further study on the role of collagens in cartilage integrity. 
4.6 ColIXα2 and the integrity of tissues 
Loss of function of ColIXα2 by antisense morpholino oligonucleotides has shown 
the loss of integrity of axial mesoderm and axial structures like floor plate and neural 
crest, reduction in expression of cell adhesion proteins in the regions where cellular 




3.5.2.6, Fig. 3.14, 3.20, 3.21). Additionally, loss of aggregation ability of cells after 
inhibition of ColIXα2 synthesis in vitro (Section 3.5.2.2, Fig. 3.15) further confirmed the 
important role of ColIXα2 in cell adhesion.  
The role of extracellular matrix proteins in cell adhesion is well known and they 
interact via integrins, dystroglycan, cell surface proteoglycans, discoidin domain receptors 
and not only play a dominant structural role as a building block of vertebrate body but also 
in maintaining the integrity of various tissues and for cell guidance during development 
(for review, Gustafsson and Fässler, 2000). Loss of function by homologous 
recombination of different extracellular matrix proteins is available in mouse model, 
which causes defects and abnormalities associated to integrity of tissues (for review, 
Gustafsson and Fässler, 2000). For instance, knockout of fibronectin caused defects in 
mesoderm, neural tube patterning and vascular development of mice (George et al., 1993; 
Hynes, 1996).  Knockout of different laminin chains caused severe morphogenetic 
disorders during early embryonic stages resulting in embryonic lethality, defective neural 
tube, disruption of neuromuscular junctions, myocardial, brain and skeletal defects in mice 
(for review, Ryan et al., 1996; Colognato and Yurchenco, 2000). Mutations in other ECM 
genes such as, perlecan in mice cause loss of myocardial wall integrity (Arikawa-
Hirasawa et al., 1999) and mutation of netrin, expressed by floor plate cells with 
implications in axon guidance, caused defects in axon projections and behavioral defects 
in mice (Serafini et al., 1996). 
In zebrafish, mutations in some ECM genes have been known to affects 
development. For instance, in grumpy and sleepy mutants for laminin β1 and γ1, the 




of chordamesoderm to notochord (Parsons et al., 2002). Mutation of zebrafish knypek, a 
proteoglycan encoding a member of glypican family of heparan sulfates (Perrimon and 
Bernfield, 2000; Selleck, 2000) caused impaired gastrulation movements resulting in 
abnormal cell polarity (Topczewski et al., 2001).  Some ECM genes such as, tenascin-c is 
expressed by somites, neural crest and axial structures and netrin is expressed in floor 
plate and hence, might play roles in development which remain to be studied (Lauderdale 
et al., 1997; Strähle et al., 1997a; Tongiorgi, 1999; Rastegar et al., 2002).  
Studies have demonstrated that collagens, in their rich array, play important roles 
in development (Byers, 2000; Myllyharju and Kivirikko, 2001). Defects or mutations in 
collagen genes have also affected integrity of tissues where they are expressed (for review, 
Byers, 2000; Gustafsson and Fässler, 2000; Briggs and Chapman, 2002). For instance, 
disruption of Col1α1 leads to complete absence of collagen I fibrils and embryonic death 
due to blood vessel rupture (Löhler et al., 1984). Similar premature death is observed in 
mice lacking collagen III (Liu et al., 1997) and the phenotype closely resembles clinical 
manifestations of Ehlers-Danlos syndrome type IV in humans, who die of blood vessel or 
intestinal rupture (for review, Milewicz, 1998).  
Mutations in different chains of collagen IX have also been analysed in human (for 
review, Briggs and Chapman, 2002). The knockout of colIXα1 in mice showed no defects 
in skeletal morphogenesis and growth, while appearance of osteoarthritic lesions 
suggested a role of this protein in maintaining mechanical stability in articular cartilage 
(Fässler et al., 1994). Currently no mouse mutants of colIXα2 are available, however, 
mutation of human ColIXα2 is observed in patients that suffer from multiple epiphyseal 




linked to mutations in COLIXα2 in heterozygotic form (OMIM, #120260; Muragaki et 
al., 1996; Annunen et al., 1999; Holden et al., 1999). Since the phenotype of homozygote 
in human is not known, our analysis represents the first attempt to define a developmental 
role of ColIXα2.  
The phenotype observed in zebrafish embryos after injection of anti-colIXα2 
morpholino oligonucleotides is more severe than the murine mutants with deficiency of 
colIXα1 (Fässler et al., 1994). One possible reason could be that in the axial structures, in 
contrast to chondrocytes (Perälä et al., 1997), expression and function of three subunits of 
Collagen IX are not coordinated. In addition, it is known that collagen IX heterotrimer 
interacts with collagen II fibril with the GAG chain present on ColIXα2 chain (Huber et 
al., 1986). Since all the three chains of zebrafish collagen IX express in the axial structures 
the absence of just one chain might disrupt the entire heterotrimer and cause severe 
phenotype as those observed in this study. Further studies involving knock-down of 
ColIXα1 and ColIXα3 could be pertinent in analysis of the phenotypic changes caused by 
the absence of the other chains and thus, help to understand the importance of each chain 
in forming a functional polypeptide.  
 Cellular interactions play an important role during formation of tissue. To 
understand the importance of these interactions, dissociation and re-association 
experiments are usually performed. The first experiment of this kind was conducted by 
Wilson (1907), who dissociated sponges into individual cells/cell clusters and allowed 
them to fuse with one-another and reconstitute sponges. Townes and Holtfreter (1955) 
demonstrated that dissociated cells from amphibian embryos would adhere to form 




origin, with ectoderm forming an outer surface layer, endoderm forming a compact central 
ball and mesoderm producing a loose array of cells in between. Various adhesion 
molecules like CAMs (e.g., N-CAM and L-CAM) and the cadherins might be involved in 
this process. Reaggregation ability of cells in vitro was reduced after injection of anti-
colIXα2 MO which could imply that some aberration has occurred in the interactions of 
adhesion molecules due to lack of ColIXα2. E-cadherin is a transmembrane protein with 
an extracellular domain that mediates Ca++-dependent homophilic interactions between 
adjacent cells and a cytoplasmic component that associates with various cytoplasmic 
proteins. ß-catenin binds directly to E-cadherin, whereas other proteins link the E-
cadherin/ß-catenin complex to actin filaments, thus coupling cell adhesion to the 
mechanism that modulates cell shape. It is possible that collagens like collagen IX take 
part in this mechanism through its receptors like integrins.  
Analysis of cell adhesion proteins after ColIXα2 inhibition showed decrease of 
transcription of n-cadherin and anti-pan cadherin antibody revealed decline in the 
presence of cadherins. parachute (pac) is a recently described zebrafish mutant for n-
cadherin and has defects in neural tube integrity. In pac mutant, loss of N-cadherin affects 
β-catenin stabilization/localization (Lele et al., 2002). Hence, the importance of cadherins 
has been well documented in morphogenesis and maintenance of integrity of zebrafish 
neural tube. However, the role of other extracellular adhesion proteins needs to be 
analysed to understand their interrelationship and importance in the integrity and 
proliferation of tissues. The most evident example of a role of ColIXα2 in maintenance of 
tissue integrity in zebrafish development is manifested by a “peacock” phenotype in the 




hot spot of this phenotype, it could be due to a very low expression of colIXα2 in this 
region of head epithelium in wild type embryos. It is also possible that the cells that are 
accumulated in this region are coming from the neural crest population as pdgfr-α staining 
neural crest cells appear disorganized in this region (Fig. 3-19D). Analysis of cells 
involved in formation of the outgrowth illustrated an abnormal distribution of several 
other components of the ECM, including cadherins and β-catenin (Fig. 3.20). Apart from 
these, the other phenotypes that indicate lack of integrity was observed with expanded and 
split axial mesoderm during gastrulation (Fig. 3.14) and gaps in floor plate during 
segmentation (Fig. 3.17). 
Integrity of axial mesoderm is affected by inhibition of ColIXα2 as evidenced by 
the gaps and splits in the axial mesoderm (Fig. 3.14) and floor plate (Fig. 3.17). Inhibition 
of ColIXα2 might disturb the collagen network on the axial mesoderm causing impaired 
cell contact and movement. Hence, ColIXα2 might provide the scaffold or bridge between 
cells expressing collagen. The importance of extracellular matrix protein like Laminin1 in 
zebrafish has previously been shown to be essential to maintain basement membrane 
around the notochord and in the absence of laminin β1 and laminin γ1 in the mutants 
grumpy and sleepy, the notochord cells fail to differentiate (Parsons et al., 2002). 
Currently, it is not clear whether laminin are affected in ColIXα2-deficient embryos.  
Hence, it is evident that in addition to the structural role of ECM, they are very 
important for cell guidance during development and for maintaining tissue integrity. Our 
understanding of the role of different components of ECM in this regard is beginning to 
unravel and would attract considerable research to study the multitude of ECM proteins 




4.7 ColIXα2 and somite patterning 
As demonstrated in loss of function experiments ColIXα2 is required for tissue 
integrity during early development of the zebrafish embryos in a number of tissues where 
this gene is expressed. In addition, there were signs of abnormality in tissues where 
expression of colIXα2 is below the level of sensitivity of WISH, e.g., in tissues of gastrula 
and later on in somites (Fig. 3.14, 3.18). It is possible that these defects are reflection of 
abnormality in dorsal mesoderm causing impaired patterning of adjacent tissues favoring a 
direct role of ColIXα2 in these tissues. Alternatively, the phenotype observed in non-
colIXα2 expressing tissues such as somites could also be due to very low level of 
expression.  
 Organogenesis requires the precise coordination of a number of distinct cellular 
processes. Among these, establishment of an appropriate extracellular environment is 
crucial for the proper exchange of information between tissues and for the ultimate shape 
and function of the organ. The notochord is one such structure known to provide both 
mechanical and signaling functions (Odenthal et al., 1996; Stemple et al., 1996). It is 
know that the patterning of vertebrate somitic muscle is regulated by signals from 
neighboring tissues like notochord. Sonic hedgehog (Shh) secreted from the notochord can 
induce slow muscle from medial adaxial myoblasts that differentiate early, whereas fast 
muscle arises later from a separate myoblast pool (Blagden et al., 1997; Currie and 
Ingham, 1996; Barresi et al., 2000; Krauss et al., 1993; Lewis et al., 1999). Any 
aberrations in the notochord or its associated midline tissues hence might also affect the 
neighbouring tissues, importantly the somites and sclerotome. This might explain why the 




Effect of translational inhibition of colIXα2 on somites and sclerotome clearly 
demonstrates that somite patterning and organization and the differentiation of sclerotome 
is dependant on the integrity and intactness of notochord, the chief signaling centre of 
zebrafish axis. In vertebrates a central role in muscle differentiation is played by the 
MyoD family, a group of transcription factors, which activates transcription of muscle 
specific genes (for review, Chen and Goldhamer, 1999; Te and Reggiani, 2002). In turn 
MyoD family genes are expressed in response to inductive signals like hedgehog and 
Wnts, coming from tissues adjacent to somites, the notochord and the neural tube (Te and 
Reggiani, 2002). Hence, the reduction of expression of myoD in the adaxial cells that 
contribute into the slow muscle (Devoto et al., 1996) may result from impairment of 
notochordal assembly causing a deficit in its inductive properties. Indeed, as a result of 
inhibition of colIXα2, the notochord lost its expression of sox9a and expression of axial 
has been severely affected. These abnormalities and some others such as deficiency of 
sclerotome may contribute in disturbance of GFP expression in the fast muscle of mylz2-
gfp transgenic zebrafish, which derives from a population of cells apparently less sensitive 
towards shh signaling. Alternatively, the loss of GFP fluorescence may derive from other 
effects of colIXα2 deficiencies such as decreased expression of myoD in later somites, 
which may affect a later phase of muscle specification. Thus taken together, our results 
revealed two phases of colIXα2 function in somites. During the early phase it is needed to 
induce myoD in adaxial cells from which the slow muscles derive and later on to maintain 
expression of this marker in later paraxial cells from which the fast muscle derive. In 
addition it is necessary for sclerotome development too. Hence, in somites, ColIXα2 




colIXα2 inhibited embryos might explain the reduction of green fluorescence in transgenic 
embryos of mylz2-gfp. 
4.8 colIXα2 expression in floor plate is independent of notochord 
A number of zebrafish mutants are available to understand the process of 
differentiation of axial structures. The notochord, one of the most important midline 
structures has been the focus of study with the help of notochord deficient or abnormal 
mutants such as ntl, a Brachyury homologue and flh, a homeobox gene, are expressed in 
the prospective posterior axial mesoderm that forms the notochord (Schulte-Merker et al., 
1994a; Talbot et al., 1995). Analysis of flh;ntl double mutant embryos suggests that Ntl 
may function in the cell fate choice between the notochord and the floor plate, whereas 
Flh may act in the choice between the notochord and the muscle (Halpern et al., 1997).  
colIXα2 is expressed in the floor plate cells in flh-/- indicating that presence of 
notochord is not required for its expression. In addition, presence of Flh is not critical for 
floor plate differentiation. colIXα2 expression was also observed in the floor plate cells in 
ntl-/- which also suggests that expression of this gene in the floor plate is not dependant on 
the notochord. This supports our observations of earlier induction of colIXα2 expression 
in precursors of the floor plate comparing to those of the notochord.  
4.9  colIXα2 is regulated by TGF-β pathway molecules 
Ntl expression has been shown to be dependent on TGF-β and FGF signaling 
(Schulte-Merker and Smith, 1995; Dheen et al., 1999). Expression of colIXα2 gene in fgf-
8 deficient ace mutants was analysed and the expression was unaffected (data not shown). 
However, involvement of other fgf genes cannot be excluded and further work need to be 




work, it was decided to analyze a role of TGF-β signaling via Nodal ligands since TGF-β 
is known to stimulate collagen synthesis (Murata et al., 1997). 
Analysis of colIXα2 in mutants of nodal signaling pathway indicated that the 
expression of colIXα2 in the floor plate and hypochord precursors was dependent on 
zygotic Cyc and Sqt, whereas the maternally-derived Cyc and/or Sqt or, alternatively, 
other TGFβ-related molecules could be responsible for activation of expression of 
colIXα2 in the non-axial structures like ears. In addition, colIXα2 expression could also be 
induced by activin, a TGF-β molecule that mimics nodals in establishment of axial 
structures. The cDNAs encoding the three chains of collagen IX were isolated from 
gastrula stage zebrafish embryos in a parallel effort of screen for nodal responsive genes 
(Dickmeis et al., 2001) indicating that collagen IX might be influenced by nodal and nodal 
related factors. All this evidence indicated that colIXα2 might be regulated and influenced 
by the TGF-β pathways molecules. In support of our observations, it has been shown that 
stimulation of collagen synthesis can occur by TGF-β3 through TGF-β1 pathways 
(Murata et al., 1997). 
Nodal and related factors form a separate subgroup of the TGF-β superfamily and 
are implicated in many events critical to the early vertebrate embryo, including mesoderm 
formation, anterior patterning, and left-right axis specification (Schier and Shen, 2000; 
Whitman, 2001). In zebrafish, two nodal homologs, cyclops and squint, have been 
indicated to play a critical role in mesendoderm induction (Conlon et al.,1994; Zhou et al., 
1993; Feldman et al., 1998; Sampath et al., 1998; Rebagliati et al., 1998b; reviewed in 
Schier and Shen, 2000; Gritsman et al., 2000) and midline patterning of floor plate and 




nodal-related genes cyclops (cyc) and squint (sqt) lack all axial mesoderm (Feldman et al., 
1998). Similarly, maternal-zygotic mutants for the EGF-CFC gene one-eyed pinhead (oep) 
are missing the notochord and prechordal plate (Zhang et al., 1998; Gritsman et al., 1999). 
Studies on mutants deficient in genes involved in execution of the Nodal signalling, 
namely cyc, sqt and oep have suggested the important role of this pathway in specification 
of the floor plate (Hatta et al., 1991; Schier et al., 1997; Sampath et al., 1998; Feldman et 
al., 1998; reviewed Le Douarin and Halpern, 2000). 
As observed in this study, formation of precursors of the MFP and hypochord 
depends on combined activity of zygotic Cyc and Sqt since in the double mutant no 
expression of colIXα2 was detected in the tail. This correlated with the observation that 
double mutants for zebrafish cyc and sqt lack all axial mesoderm (Feldman et al., 1998). 
The double mutants still had remnant expression of colIXα2 in the non-axial structures 
like ear. However, colIXα2 expression disappears from the ear in embryos coinjected for 
cyc and sqt antisense morpholino oligos suggesting that induction of colIXα2 expression 
in non-axial structures, such as ears also depends on maternal Nodals. Hence different 
early lineages, for example, precursors of the axial structures and placodal-derived ears 
may rely on Nodals of different origin (zygotic v. maternal). The combinatorial 
complexity of various components of the Nodal signalling is even more startling when 
contribution of different pools of Oep is taken into consideration. From the data obtained 
in this study, expression of colIXα2 was completely absent in axial as well as non-axial 
domains of maternal-zygotic oep embryos (Mzoep-/-), suggesting that formation of the 
pool of precursors of axial structures and other domains of ColIXα2 expression depends 




hypochord) required a combination of activity of the maternal Oep and two zygotic 
Nodals. In effect, this analysis reveals an intriguing differential requirement of 
mesodermal-derived and placodal-derived structures on various pools of Nodals.  
4.10     colIXα2 and determination of non-notochordal axial precursors 
The acquisition of identity by cells-precursors of the notochord and its consecutive 
separation from precursors of other lineages is controlled by a genetic mechanism 
involving Ntl (Schulte-Merker et al., 1994b; Halpern et al., 1997; Dheen et al., 1999). Its 
activity could be reflected in corresponding changes in the ECM and early differential 
expression of various genes encoding the components of the ECM (Kelly et al., 1995; 
Pelegri and Maischein, 1998), including collagen-encoding and related genes (Yan et al., 
1995; Lele and Krone, 1997).  
colIXα2 expresses first in the presumptive non-notochordal precursor population 
(floor plate and hypochord) during early zebrafish development. This raised the question 
about the possible role of colIXα2 in these precursor populations. Is it expressed as a 
structural gene or is it required for specification or separation of these precursor cells from 
the differentiated cells and/or for separation of notochordal and non-notochordal 
precursors?  
The role of zygotic nodals for formation of non-notochordal axial precursors (floor 
plate and hypochord) has been discussed earlier. However, how ColIXα2 contributes in 
separation of precursors of the floor plate/hypochord v. notochord ones is not clear. It is 
possible that the structural role of ColIXα2 as a component of ECM plays a role in 
providing stage-dependent adhesion between cells of this lineage and integrating these 




demonstrated in anti-sense morpholino knockdown experiments and reaggregation 
experiments. Thus, its early expression in the floor plate precursors could be instrumental 
in separating these cells from notochordal precursors. If this suggestion is correct, the 
mechanism should be based on stage-specific differential expression of colIXα2. The 
function of ColIXα2 in floor plate and hypochord precursors could not be uncoupled, 
therefore this avenue remains to be investigated. 
Whether floor plate precursors and hypochord precursors have a similar 
mechanism for separation into independent lineages or they separate as a result of 
separation of the notochordal precursors is not clear. The role of Nodal signalling in 
formation of the floor plate is seemingly well documented, but in complete absence of 
Nodal signalling none of the axial structures is formed in mammals and zebrafish (Ang 
and Rossant, 1994; Feldman et al., 1998; Gritsman et al., 2000). The differential early 
expression of colIXα2 in precursors of the floor plate and hypochord suggests that such 
mechanism may exist. The establishment of the floor plate precursors as an independent 
lineage takes place at about 6 hpf (Le Douarin and Halpern, 2000; Tian et al., 2003), 
which correlates well with the initiation of expression of colIXα2. Later on at the end of 
gastrulation WISH detects expression only in the floor plate precursors. Thus, the early 
phase of expression of colIXα2 is probably confined to the precursors of the floor plate 
and hypochord and it is likely that colIXα2 is involved in early specification of precursors 
of the floor plate and hypochord. Interestingly, colIXα2, similar to other MFP markers like 
twhh, is not expressed in the LFP, supporting an idea that these two domains of the floor 




Loss of function of ColIXα2 results in loss of some MFP cells expressing twhh 
resulting in gaps in the floor plate. Some MFP cells still express twhh. In addition, twhh 
expressing cells appear ectopically in the notochord just below the gaps in floor plate. 
This could be due to loss of twhh expressing cells from the floor plate position and their 
integration into the notochord. However, in some instances, the entire notochord was 
found to express twhh which might be either due to misregulation of twhh expression into 
notochord or transfating of floor plate cells into notochordal ones. Ectopic expression of 
twhh in the notochord is reminiscent of ectopic expression of GFP driven by the Twhh 
promoter (Du and Dienhart, 2001). These authors speculated that ectopic notochordal 
expression could result from absence of a negative regulation, which normally restricts 
notochordal expression of Twhh. It is possible that change in extracellular matrix 
following inhibition of ColIXα2 might result in activating the mechanism providing such 
negative regulation. A preliminary analysis of the promoter elements in the promoter 
region of twhh and colIXα2 indicated that both have significant presence of HNF-3β or 
fork-head domain binding sites. It has been shown that fork-head genes in mouse contain 
enhancer and repressor elements of the notochord and floor plate within the same region 
(Sasaki and Hogan, 1996). All this might indicate the possibility of presence of some 
notochordal repressor elements in the twhh promoter, which is dependent on presence of 
ColIXα2.  
Earlier, Etheridge et al (2001) suggested that floor plate specification is not 
dependent on Twhh. Hence, twhh is not an axial determinant. Loss of ColIXα2 function 
resulted in the loss of MFP cells from the floor plate domain in majority of embryos. Even 




common feature. Since loss of MFP is the predominant mechanism, it could be 
hypothesized that colIXα2 might play a role as determinant of MFP precursors. To 
maintain their identity and position within the floor plate and hypochord, cells require 
earlier induction of colIXα2 expression comparing to notochordal precursors.  By the time 
the colIXα2 expression in the notochord reaches the same level as that in the non-
notochordal axial precursors, these cells may become established in their respective 
lineage. Dorsally to the notochord cells will become the MFP and ventrally to the 
notochord, the hypochord. Thus, the differential expression of ColIXα2 could be a part of 
a developmental mechanism involved in allocation of multipotential precursors to the pool 
committed to develop as the floor plate and hypochord.  
Another possible scenario of ColIXα2 function in the floor plate involves 
participation of this protein as a component of ECM, which provides stage-dependent 
adhesion between cells of this lineage and contributes towards integrating these cells as an 
independent lineage. Several other components of ECM are expressed in the floor plate 
and not in the notochord (Uchida et al., 1994; Franklin and Sargent, 1996; Murcia and 
Woychik, 2001). A role of ColIXα2 in cell adhesion has been directly demonstrated in re-
reaggregation experiments. Thus, its early expression in the floor plate precursors could be 
instrumental in separating these cells from notochordal precursors and, if this suggestion 
is correct, this developmental mechanism should be dependent to large extent on stage-
specific differential expression of colIXα2.  
Thus, the functional analysis of ColIXα2 demonstrated its developmental role 
during early specification of non-notochordal precursors of axial structures and 




plays a crucial role during separation of multipotential precursors in the organizer region, 
giving rise to the floor plate, notochord and hypochord. 
4.11 Concluding Remarks 
In mammals the function of ColIX remains largely unknown. The knockout of 
colIXα2 in mice showed no defects in skeletal morphogenesis and growth, while 
appearance of ostearthritic lesions suggested a role of this protein in maintaining 
mechanical stability in articular cartilage (Fässler et al., 1994), which are similar to 
deficiency observed in patients that suffer from multiple epiphyseal dysplasia, type 2 or 
intervertebral disc disease linked to mutations in COLIXα2 in heterozygotic form 
(OMIM, #120260; Muragaki et al., 1996; Annunen et al., 1999; Holden et al., 1999). The 
COLIXα2 mutant phenotype of homozygotes in human is not known. It is currently not 
clear, why the severe phenotype seen in zebrafish (this study) was not noticed in murine 
mutants, which cause deficiency of Collagen IX (Fässler et al., 1994). In addition, in the 
non-notochordal axial precursors ColIXα2 might play partially redundant role. In support 
of this idea, the knockdown of ColIXα2 caused expression of Twhh in the whole 
notochord and a very few floor plate cells were detected at 14-16 hpf. In contrast, at 24 
hpf, most of Twhh expression disappeared from the notochord and fewer floor plate cells 
appear to be affected by this developmental stage probably because the affect of 
morpholino has diluted over development or later in development the early severe 
phenotype have been alleviated to a large extent. Since other proteins may also act in 
parallel to ColIXα2 in determination of precursors, a compensation of ColIXα2 function 
could be assigned on their account. Further studies involving knockdown of other collagen 




verify this possibility. Functional analysis of ColIXα2 demonstrated its developmental 
role during early specification of non-notochordal precursors of axial structures acting 
downstream of TGFβ signalling. This supports an idea that the ECM plays a crucial role 
during cell specification. Thus, this study represents a first attempt to define a 
developmental role of Collagen IX in axial structures of vertebrates. Hopefully this study 
will trigger attention to a role of Collagen IX in axial structures and incite future studies 
on mammals. 
Some domains of late colIXα2 expression may be associated with more traditional 
function of cartilage morphogenesis assigned to this gene (Perälä et al., 1997). The 
anterior perinotochordal domain of expression could be linked to formation of the 
vertebral column. Other expression domains are linked to formation of jaws, gills, ear, eye 
and finally, the skin. This work opens many avenues of studies towards investigating the 
plethora of roles that colIXα2  and the other two chains of collagen IX individually or in 
combination might play in maintaining integrity of tissues and modulating the way growth 
factors are presents to their cognate receptors or in maintenance and differentiation of 
precursor populations of cells. On the whole, it is evident that collagen family of genes 
might have much more functions waiting to be explored apart from the assigned 
traditional role as supporting component of connective tissue. 
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                                V. CONCLUSION  
The lineages of axial structures are established in the late gastrula and their 
formation is maintained in the organizer of teleosts, the embryonic shield and later on 
in the tail bud due to the developmental mechanism involving Nodal signaling. The 
extracellular matrix (ECM) plays an important role in providing integrity of emerging 
organs, but the role of individual components of the ECM in these events is not fully 
understood. The three genes encoding the zebrafish collagen IX (α1-α3) have been 
cloned in an effort to characterize the Nodal-responsive genes and their expression 
analysed during early zebrafish development. All three genes were expressed in the 
axial structures, including the notochord, floor plate and hypochord, but the early 
expression pattern in these structures varied substantially. In contrast to two other 
collagen IX genes and other markers of the axial structures, colIXα2 expression is 
induced initially in the floor plate and hypochord and later in the notochord. Analysis 
of colIXα2 expression in mutants affecting the Nodal signalling demonstrated that 
colIXα2 was expressed in the precursors of the medial floor plate of cyc and sqt 
mutants. It was absent in double cyc/sqt mutants, clearly documenting a redundant role 
and a dual function of zebrafish Nodals in induction of the precursors of the medial 
floor plate. These cells were present in the zygotic Oep-deficient Zoep mutants. Mzoep 
mutants deficient in both maternal and zygotic Oep lack expression of colIXα2, 
suggesting that formation of cells-precursors of the floor plate and induction of 
colIXα2 expression depend on maternal Oep. After inhibition of translation of colIXα2 
by morpholino oligonucleotides the precursors of the medial floor plate became 
integrated into the notochord. To dissect the developmental role of colIXα2 we 
demonstrated that in vitro in absence of ColIXα2 the ability of cells to reassemble has 
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been compromised. Thus, ColIXα2 could be required to maintain integrity of the floor 
plate. It was also demonstrated that in the precursors of the medial floor plate ColIXα2 
might play important and diverse developmental roles in separation of these cells from 
notochordal precursors. Thus, its early expression in the floor plate precursors could be 
instrumental in separating these cells from notochordal precursors and, if this 
suggestion is correct, this developmental mechanism should be dependent to large 
extent on stage-specific differential expression of colIXα2.  
The functional analysis of colIXα2 demonstrated its developmental role during 
early specification of non-notochordal precursors of axial structures and demonstrated 
its regulation by TGFβ signalling. This supported an idea that the ECM plays a crucial 
role during separation of multipotential precursors in the organizer region, giving rise 
to the floor plate, notochord and hypochord. Since other ECM proteins may also act in 
parallel to ColIXα2 in determination of precursors, further studies involving 
knockdown of other ECM and collagen proteins expressed in the non-notochordal 
precursors of axial structures are required to verify this possibility.  
This work also opens many avenues of studies towards investigating the 
plethora of roles that colIXα2 and the other two chains of collagen IX might play in 
maintaining integrity of tissues. Studies could be designed to understand the 
mechanisms used by ECM for presenting growth factors to their cognate receptors or 
in maintenance and differentiation of precursor populations of cells. This study 
indicates an important role of ECM in cell specification and represents a first attempt 
to define a developmental role of Collagen IX in axial structures of vertebrates.  
Although perceived largely as the building blocks of the body, it has become 
clear that collagens have far more diverse functions. During early development and 
regeneration of tissue, collagens provide one of the pathways that direct cell motility 
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and organization. Transmembrane molecules, particularly integrins, bind classes of 
collagen in a molecular-specific fashion so that cells can adhere specifically to them. 
When certain collagens are not made at all, these interactions disappear, the ability to 
produce appropriate cell guidance and thus to encounter the next set of signals is lost. 
These effects are brought to light only with the ability to inactivate collagen genes, 
perhaps because the organism has many adaptive tools available when structures are 
altered. Thus, collagens of different types have important roles in determining cell 
interactions, cell motility, and tissue organization. They are important in development, 
both from the structural point of view and in allowing the cells that make them or use 
them access to new signal molecules. Mutations in these molecules that permit 
survival illustrate the adaptability of the organism and represent the physiological 
response to alterations in a system that has been tens of thousands of generations in the 
making. Considering the multitude of ECM proteins making up an organism and the 
diversity of interactions they have, it is a long way before our understanding of the 
myriad of roles ECM play could be unraveled. It is envisaged that this study would 
trigger attention towards a different role of collagens in particular and ECM in general 
in morphogenesis in zebrafish and other vertebrates.  
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